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CHAPTER  I 

COMBUSTION  pF  SOLID  FUELS  UNDER  CROSSFLOW  CONDITIONS 

I 

I.  Introduction 

In  the  modern  development  of  airbreathing  propulsion  systems  for  high-speed  vehicles, 
attention  is  often  focused  on  the  solid  fuel  ramjet  (SFRJ).  Because  of  its  airbreathing  feature,  the 
vehicle  avoids  the  weight  penalty  associated  with  carrying  oxidants,  resulting  in  a  higher  specific 
impulse  and  longer  flight  range.  The  use  of  solid  fuel  greatly  simplifies  the  system  design,  and 
eliminates  problems  associated  with  fuel  storage  and  feeding  mechanisms.  The  fuel  may  also 
incorporate  energetic  additives,  such  as  boron  or  metallic  powders,  to  maximize  performance 
during  volume-limited  missions.  However,  in  order  to  establish  the  SFRJ  as  a  viable  air-breathing 
engine,  it  must  first  demonstrate  efficient  operation  under  a  wide  range  of  Mach  numbers  and 
altitudes. 

A  detailed  review  of  experimental  and  numerical  works  in  SFRJ  combustion  systems  is 
available  in  the  attached  Ph.D.  thesis  of  Jarymowycz  (Appendix  1 .1).  A  condensed  version  was 
presented  in  Lampoldshausen,  Germany,  at  the  Second  International  Symposium  on  Spe  ial 
Topics  in  Chemical  Propulsion:  Combustion  of  Boron-Based  Solid  Propellants  and  Solid  Fuels, 
and  is  attached  here  as  Appendix  1 .2.  These  studies  have  provided  useful  information  regarding 
solid-fuel  combustion;  however,  the  majority  of  these  works  were  conducted  in  low-speed 
environments.  The  primary  objective  of  the  research  conducted  in  this  area  was  to  investigate 
the  ignition  and  combustion  processes  of  solid  fuels  under  a  wide  range  of  Mach  numbers, 
including  both  subsonic  and  supersonic  crossflows,  using  advanced  experimental  and  theoretical 
techniques. 

Ignition  and  combustion  of  boron-based  solid  fuel  in  a  high-speed  environment  involve 
many  intricate  physical  and  chemical  processes  including  turbulent  mixing,  multi-phase  heat  and 
mass  transport,  surface  pyrolysis,  and  homogeneous  and  heterogeneous  reactions. 
Understanding  of  detailed  flow  structures,  boron  particle  ignition  and  combustion  processes,  and 
burning  characteristics  of  solid  fuels  under  various  freestream  conditions  is  important  in 
advancing  the  state-of-the-art  in  solid  fuel  ramjet  propulsion  systems. 

The  work  was  accomplished  using  experimental  and  numerical  techniques. 

Specifically,  the  objectives  in  the  experimental  study  were-  as  follows: 


1 .  to  determine  the  feasibility  of  solid-fuel  combustion  under  high-velocity  crossflows; 

2.  to  study  the  effect  of  boron  particles  on  the  ignition  and  combustion 
characteristics  of  HTPB-based  solid  fuels;  and 

3.  to  determine  the  effects  of  freestream  conditions  such  as  pressure,  temperature, 
and  mass  flux  on  the  burning  rates  of  HTPB-based  solid  fueis. 

A  comprehensive  theoretical  model  of  the  combustion  of  homogeneous  solid  fueis  under 
supersonic  crossflow  conditions  was  also  formulated  and  solved.  As  a  specific  example,  the 
combustion  behavior  of  pure  HTPB  fuel  samples  was  treated  in  depth.  To  better  understand 
some  of  the  complex  two-phase  phenomena  occurring  abova  a  reacting  boron-laden  solid  fuel, 
the  ignition  behavior  of  boron  particles  in  a  ramjet  em  ironment  was  treated.  The  specific 
objectives  of  the  numerical  study  were: 

1.  to  investigate  the  detailed  flowfields  and  flame  structures  involved  in  the 
combustion  of  solid  fuels  in  a  supersonic  flow  environment; 

2.  to  determine  the  burning  rates  of  the  fuel  samples  under  various  conditions; 

3.  to  examine  the  effects  of  the  freestream  conditions  (specifically  pressure  and 
temperature)  on  the  pyrolysis  and  combustion  characteristics  of  the  fuel  samples; 

4.  to  study  the  ignition  process  of  individual  boron  particles  ejecte  j  from  a  reacting 
solid  fuel  under  a  high-velocity  crossflow; 

5.  to  determine  the  effect  of  particle  size  on  the  ignition  time  and  location  of  the 
particles; 

6.  to  investigate  the  effects  of  freestream  parameters,  including  pressure  and 
temperature  on  the  ignitability  of  the  boron  particle;  and 

7.  to  determine  if  ignition  delay  times  of  boron  particles  can  be  minimized  by  utilizing 
a  particular  size  range  of  particles. 

II.  Method  of  Approach 
A.  Experimental 

In  order  to  understand  the  physical  and  chemical  mechanisms  involved  in  the  combustion 
of  solid  fuels,  an  experimental  study  was  conducted  using  a  connected-pipe  facility  which 
simulates  the  combustion  chamber  conditions  of  a  hypersonic  vehicle  at  high  altitudes.  The  rig 
provides  vitiated  air  over  a  wide  range  of  conditions  with  a  maximum  freestream  temperature  of 
1000  K,  static  pressure  of  0.62  MPa,  and  Mach  number  of  1 .5.  The  maximum  flow  rate  attainable 


is  8  kg/s  with  a  duration  of  four  minutes  at  the  highest  pressure.  A  detailed  description  of  the 
facility  and  test  setup  are  available  in  the  attached  papers  and  thesis  of  Jarymowycz. 

The  solid  fuels  utilized  in  this  study  were  either  processed  at  Penn  State,  United 
Technologies/Chemical  System  Division  (UT/CSD),  or  Aeiojet  Corporation.  The  Penn  State  fuels 
were  HTPB-based  with  various  loadings  (0-20%  by  weight)  of  pure  boron  particles  or  magnesium- 
coated  boron  particles  (10%  boron  by  weight,  with  up  to  20%  magnesium  coating).  UT/CSD 
fuels  were  HTPB-based  with  50%  boron  by  weight.  Aerojet  provided  fuels  consisting  of  a  highly 
energetic  copolymer  BAMO/NMMO,  with  0  or  1 8%  boron  loading. 

B.  Numerical 

The  combustion  of  solid  fuels  under  supersonic  crossflows  was  studied  using  a 
comprehensive  numerical  analysis.  The  formulation  was  based  on  the  time-dependent  multi¬ 
dimensional  compressible  Navier-Stokes  equations  and  species  transport  equations.  Features 
of  this  approach  included  consideration  of  finite-rate  chemical  kinetics  and  variable  properties. 
Turbulence  closure  was  achieved  using  the  Baldwin-Lomax  algebraic  model.  The  governing 
equations  were  solved  numerically  using  a  flux-vector  splitting  Lower-Upper  Symmetric 
Successive  Overrelaxation  technique  that  treats  source  terms  implicitly.  The  details  on  the 
invoked  assumptions  and  corresponding  equations  in  the  modelling  effort  are  presented  in 
Appendix  1 .1 . 

The  ignition  processes  of  boron  particles  above  a  burning  solid  fuel  were  also  studied  by 
numerical  solution  of  the  comprehensive  theoretical  model.  The  particle-phase  solution  was 
obtained  based  on  a  well-established  boron  particle  ignition  model.  Boron  particles  were  ejected 
from  the  surface  of  the  burning  fuel  into  a  high-velocity  crossflow  and  their  trajectories  were 
traced  through  the  reacting  flowfield  using  a  Stochastic  Separated  Flow  approach.  The  effects 
of  particle  size  on  their  ignition  time  and  location  were  studied. 

III.  Discussion  of  Results 

The  most  important  accomplishments  and  major  findings  of  the  experimental  study  of 
solid  fuel  ignition  and  combustion  processes  are  summarized  below. 

The  transient  regression  phenomena  of  solid  fuels  were  observed  in-situ  using 
real-time  X-ray  radiography.  HTPB-based  fuels  with  different  percentages  of  boron 
loading  showed  layer-by-layer  regression  without  subsurface  reactions. 
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Fuel  surface  regression  rates  were  reduced  using  an  advanced  digital  image 
processing  system.  Regression  rates  were  found  to  be  highly  dependent  on 
freestream  pressure,  and  less  dependent  on  freestream  temperature  and  mass 
flux.  The  results  are  summarized  in  Appendix  1 .3. 

Fueis  with  boron  particles  of  high  purity  (>99%)  and  small  particle  diameters 
(0.04-0.15  pm)  experienced  higher  regression  rates  than  fuels  with  particles  of 
slightly  lower  purity  and  diameters  approximately  10  times  higher.  These  results 
were  also  presented  in  Lampoldshausen,  and  are  attached  as  Appendix  1 .4. 

At  low  pressures  (below  0.55  MPa),  the  addition  of  magnesium-coated  boron 
particles  to  the  fuel  samples  increased  the  burning  rates  from  those  of  uncoated 
boron  particles.  The  augmented  burning  rates  were  due  to  the  additional  heat 
generated  by  the  magnesium/oxygen  reactions  which  occur  more  rapidly  than 
bcron/oxygen  reactions  at  low  pressures.  Figure  1 .1  shows  the  burning  rates  as 
functions  of  pressure  for  fuel  samples  of  various  compositions.  The  fuel  samples 
with  20%  magnesium  coating  on  the  particles  show  the  highest  burning  rates  at 
low  pressures,  whereas  at  high  pressures,  the  fuels  with  uncoated  boron  burn 
fastest. 

A  burning-rate  correlation  in  terms  of  freestream  conditions  and  boron 
concentration  was  established.  Such  correlations  are  useful  for  the  design  of 
SFRJ  propulsion  systems. 

The  BAMO/NMMO  solid  fuels  from  Aerojet  has  high  gasification  rates  at  low 
pressures  and  has  the  ability  to  eject  boron  particles  into  the  oxidizer  region; 
however,  this  polymer  certain  drawbacks.  The  fuel  liquefies  at  iow  temperatures 
and  cannot  retain  its  rigidity  under  shear  flow  conditions.  This  finding  was 
conveyed  to  Aerojet. 

The  following  results  are  detailed  in  Appendix  1 .5. 

The  UT/CSD  fuels  with  50%  boron  loading  do  not  burn  efficiently  under  low 
pressures.  Even  with  the  addition  of  combustion  aids,  the  regression  rates  of 
inese  fuels  are  very  low.  These  findings  are  important  for  industrial  companies  to 
improve  their  formulation. 

Combustion  of  solid  fuels  under  supersonic  crossflows  was  successfully 
demonstrated  with  HTPB/B  fuels.  For  these  tests,  it  was  necessary  to  increase 
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Figure  1 .2  Effect  of  particle  radius  on  ignition  percentage  at  three  axial  Stations 
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tha  size  of  the  recirculating  region  to  promote  ignition  and  flame  stabilization  of 
the  solid  fuel  sample. 

The  effect  of  fuel  ingredients  on  the  ignition,  flame  spreading,  and  combustion 
characteristics  was  investigated.  Autoignition  of  HTPB  solid  fuels  with  no  additives 
was  attained  with  freestream  temperatures  above  820  K.  However,  autoignition 
of  HTPB-based  solid  fuels  with  boron  was  attained  with  freestream  temperatures 
above  725  K.  This  temperature  was  lower  because  reacting  boron  particles  on 
the  fuel  surface  acted  as  a  heat  source  for  igniting  the  pyroiyzed  fuel-rich  species. 
Addition  of  boron  particles  to  the  fuels  (up  to  1 0%)  considerably  increased  the 
burning  rates.  Further  addition  to  1 5  and  20%  decreased  the  burning  rates.  The 
increase  was  caused  by  the  additional  energy  release  from  the  boron;  the 
decrease  was  due  to  several  factors:  (1)  the  heat  sink  effect  of  boron  particles  in 
the  gas  phase  which  reduced  the  gas-phase  temperature,  and  (2)  heat  feedback 
to  the  surface  was  effectively  shielded  by  the  large  number  of  boron  particle 
above  the  surface. 

Ignition  phenomena  of  HTPB  solid  fuels  without  boron  showed  a  gas-phase 
ignition  mechanism,  whereas  samples  with  boron  always  ignited  on  the  surface. 
In  terms  of  surface  ignition  mechanism,  no  dependence  on  particle  size,  loading 
fraction,  or  purity  of  boron  was  noted  in  our  convective  ignition  study. 

For  a  given  B/HTPB  solid  fuel,  there  exists  a  pressure  deflagration  limit,  below 
which  self-sustained  combustion  cannot  be  achieved.  For  instance,  our  results 
showed  momentary  ignition  of  several  B/HTPB  fuels  followed  with  extinction  for 
pressures  below  2  atm. 

Results  from  the  comprehensive  theoretical  analysis  of  solid-fuel  combustion  under 
supersonic  crossflows  are  highlighted  below  and  detailed  in  Appendix  1 .2.  Results  from  the 
study  of  boron  particle  ignition  above  a  reacting  solid  fuel  are  also  summarized. 

The  combustion  behavior  of  solid  fuels  was  studied  numerically  as  a  function  of 
freestream  conditions,  fuel  ingredients,  and  flow  geometry,  with  attention  focused 
on  the  importance  of  kinetic-  vs.  diffusion-controlled  reactions.  At  high  pressures, 
the  reaction  zone  thickness  becomes  smaller;  whereas,  at  low  pressures,  the 
reaction  is  more  distributed.  This  implies  that  at  high  pressures,  a  single-step 
forward  reaction  is  sufficient  to  describe  the  combustion  process;  however,  at 
lower  pressures,  a  finite-rate  approach  must  be  considered. 
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environment  cannot  provide  suitable  conditions  for  both  ignition  and  combustion 
of  the  particles,  in  contrast,  this  study  reveals  that  it  is  possible  for  particles  to 
ignite  and  bum  in  SFFU’s,  provided  the  particles  sizes  are  kept  smaii  (below  10  \im). 


N.  Conclusions 

The  major  findings  in  this  study  ir.c-ude: 

the  successful  ignition  and  sustained  combustion  of  HTFB/B  solid  fuels  under  supersonic 
flow  conditions  (M  =  1.5); 

establishment  of  an  optimum  particle  size  of  -3  pm  for  minimizing  ignition  time  above  a 
reacting  HTPB  solid  fuel  under  supersonic  crossflow; 

higher  burning  rates  of  solid  fuels  under  subsonic  conditions  and  low  pressures  by 
substituting  magnesium-coated  boron  particles  for  uncoated  boron  particles; 
improved  ignition  and  combustion  characteristics  of  solid  fuels  by  utilizing  high-purity 
(>99%),  smai!  diameter  {0.04-0.15  pm)  boron  particles. 
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ABSTRACT 


The  solid-fuel  ramjet  (SFRJ)  has  great  potential  as  an  advanced  propulsion 
system  because  of  its  compactness  and  simplicity.  An  understanding  of  the  im¬ 
portant  physical  and  chemical  mechanisms  involved  in  the  ignition  and  combustion 
processes  is  necessary  in  order  to  further  the  state-of-the-art  of  SFRJ  propulsion 
systems.  In  this  investigation,  the  ignition  and  combustion  of  solid  fuels  under 
high-velocity  crossflows  have  been  studied  using  comprehensive  numerical  and  ex¬ 
perimental  analyses. 

In  the  numerical  analysis,  the  formulation  is  based  on  the  multidimensional 
compressible  Navier-Stokes  equations  and  species  transport  equations.  Features 
of  this  approach  include  consideration  of  finite-rate  chemical  kinetics  and  variable 
properties.  The  effects  of  various  operating  conditions  on  the  combustion  behavior 
of  the  HTPB-based  solid  fuel  samples  are  treated  in  detail.  Results  indicate  the 
detailed  flame  structures  and  flowfields  associated  with  solid-fuel  combustion. 

The  ignition  processes  of  boron  particles  above  a  burning  solid  fuel  have  also 
been  studied  by  numerical  solution  of  Lagrangian  equations  of  motion.  Boron  parti¬ 
cles  are  ejected  from  the  surface  of  the  burning  fuel  into  a  high-velocity  crossflow  and 
their  trajectories  are  traced  through  the  reacting  flowfield.  The  effects  of  particle 
size  on  their  ignition  time  and  location  axe  determined. 

The  combustion  behavior  of  hydroxyl  terminated  polybutadiene  (HTPB)  based 
solid  fuels  with  boron  particles  were  studied  experimentally  under  both  subsonic 
and  supersonic  crossflows,  using  a  connected-pipe  test  facility.  The  Mach  numbers 
ranged  from  0.47  to  0.74  for  subsonic  tests,  while  superson'c  tests  were  conducted 
at  ?.  fixed  Mach  number  of  1.5.  Instantaneous  surface  profiles  of  the  solid  fuels  were 
obtained  using  a  real-time  x-"ay  radiography  system.  Boron  particle  addition  to 


the  fuels  greatly  diminished  the  minimum  ambient  temperature  required  for  solid- 
fuel  ignition,  since  reacting  boron  particles  on  the  sample  surface  served  as  a  local 
heat  source  for  igniting  the  pyrolyzed  fuel-rich  species.  Subsonic  combustion  studies 
revealed  that  regression  rates  were  highl>  dependent  on  freest*  earn  static  pressures, 
and  less  dependent  on  temperature  and  mass  flux.  The  addition  of  boron  particles 
(up  to  10  percent  by  weight)  to  the  HTPB  fuels  considerably  increased  the  burning 
rates  of  the  fuels.  A  burning-rate  correlation  was  obtained  hi  terms  of  pressure, 
temperature,  mass  flux,  and  boron  concentration.  Combustion  of  solid  fuels  under 
supersonic  crossflows  was  also  successfully  demonstrated. 
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Chapter  1 


INTRODUCTION 


In  the  modem  development  of  airbreathing  propulsion  systems  for  high-speed 
vehicles,  attention  is  often  focused  on  the  solid  fuel  ramjet  (SFRJ),  because  of  its 
potential  for  achieving  high  performance  levels  while  being  simple  and  compact. 
The  concept  of  the  SFRJ  is  shown  in  the  schematic  diagram  of  Fig.  1.  Compressed 
air  from  the  inlet  mixes  and  bums  with  fuel,  and  the  combustion  products  are  ac¬ 
celerated  through  an  exhaust  nozzle  to  generate  thrust.  Because  of  its  airbreathing 
feature,  the  vehicle  avoids  the  weight  penalty  associated  with  carrying  oxidants  and 
consequently  provides  a  higher  specific  impulse  and  longer  flight  range.  The  use  of 
solid  fuel  greatly  simplifies  the  system  design,  and  eliminates  problems  associated 
with  fuel  storage  and  feeding  mechanisms.  The  fuel  may  also  incorporate  ener¬ 
getic  additives  such  as  boron  or  metallic  powders  to  maximize  performance  during 
volume-limited  missions.  However,  for  the  SFRJ  to  become  a  viable  air-breathing 
engine,  it  must  first  demonstrate  efficient  operation  under  a  wide  range  of  Mach 
numbers  and  altitudes. 

The  purpose  of  this  work  is  to  experimentally  and  numerically  study  the  pro¬ 
cesses  involved  in  the  ignition  and  combustion  of  solid  fuels,  so  that  these  mecha¬ 
nisms  can  be  better  understood  for  SFRJ  applications. 
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1.1.  Survey  of  Previous  Works 

1.1.1.  Experimental  Study  of  Solid  Fuel  Combustion 

Several  investigations1-5  have  been  conducted  to  determine  the  effects  of  free- 
stream  conditions  (including  pressure,  temperature,  and  flowrate)  on  the  burning 
rates  of  homogeneous  solid  fuels  in  ramjet  environments.  The  majority  of  these 
studies  were  conducted  under  low  Mach-number  flow  conditions.  Korting  et  al.1 
studied  the  combustion  behavior  of  polymethylmethacrylate  (PMMA)  at  low  mass 
flowrates  using  a  connected-pipe  test  facility.  Results  indicated  that  regression  rates 
were  hardly  dependent  on  pressure  for  freestream  pressures  below  0.65  MPa,  but 
at  higher  pressures  where  soot  production  becomes  significant,  the  burning  rate 
increases  with  pressure  according  to  the  power  rule  of  p0'56.  This  is  in  reasonable 
agreement  with  PMMA  combustion  studies  summarized  by  Mady  et  al.2  Further¬ 
more,  at  low  pressures  the  burning  rates  are  strongly  dependent  on  the  convective 
heat  transfer  rates  which  are  influenced  by  inlet  temperature  and  total  mass  flux, 
but  at  higher  pressures  this  dependence  is  weaker  due  to  the  increase  in  radiative 
heat  transfer. 

In  low  pressure  environments  (less  than  0.6  MPa),  Elands  et  al.3  also  noticed  a 
slight  dependence  of  burning  rate  of  polyethylene  (PE)  solid  fuels  on  pressure.  The 
effects  of  temperature  and  mass  flowrate  were  greater  and  in  accordance  with  the 
relations  T0,58  and  m0-56,  where  T  and  m  are  freestream  temperature  and  flowrate, 
respectively.  These  findings  compared  reasonably  well  with  predicted  data  from  a 
numerical  model  which  calculated  burning  rates  as  functions  of  T,  p,  and  m.  At 
higher  mass  flowrates  the  temperature  dependency  was  slightly  lower,  with  the 
exponent  decreasing  to  0.5G.4 


Schulte4  also  studied  flame  stabilization  in  an  experimental  ramjet  motor  and 
determined  flame-holding  limits  based  on  various  ratios  of  fuel  port  area  to  nozzle 
throat  area,  and  luel  port  area  to  flame  holder  area.  Flame  holding  was  improved 
by  increasing  these  area  ratios  and  by  raising  the  ram  air  temperature.  In  addition, 
an  increase  in  inlet  air  temperature  enhanced  the  regression  rate  of  polyethylene 
solid  fuel  to  a  greater  extent  than  did  the  air  mass  flux  and  chamber  pressure 
Netzer  and  Gany5  made  similar  observations  regarding  flame  stabilization  limits 
and  burning-rate  dependencies  using  a  miniaturized  solid  fuel  ramjet. 

Schulte  et  al.6  performed  temperature  and  concentration  measurements  in  an 
SFRJ  combustion  chamber  and  showed  that  the  fiowfield  in  the  combustor  could  be 
divided  into  two  regions:  an  air-rich  core  and  a  high-temperature  zone  of  combustion 
products  closer  to  the  wall.  These  two  zones  did  not  mix  completely,  and  the 
addition  of  an  aft  mixing  chamber  would  have  been  beneficial  to  the  combustion 
process.  In  addition,  the  flame  position  in  the  redeveloping  boundary  layer  was 
slightly  dependent  on  the  inlet  air  temperature. 

Attempts  to  experimentally  investigate  the  combustion  of  solid  fuels  under 
transonic  and  supersonic  crossflows  were  made  by  Snyder  et  al.'  Results  indi¬ 
cated  that  conventional  hydrocarbon  fuels  such  as  hydroxyl  terminated  polybu¬ 
tadiene  (HTPB)  are  difficult  to  ignite  at  low  pressure.  However,  this  situation  can 
be  improved  significantly  with  the  use  of  an  energetic  copolymer  such  as  3,3-bis 
[azidomethyl]  oxetane/3-nitratomethyl  3-methyl  oxetane  (BAMO/NMMO),  which 
is  readily  ignitable  because  of  its  lower  heat  of  decomposition  and  availability  of 
oxygen  in  the  condensed  phase. 


1.1.2.  Effect  of  Boron  Additives 


Boron  is  an  attractive  candidate  as  a  solid-fuel  component  for  volume-limited 
propulsion  systems  because  of  its  high  volumetric  heating  rate.  The  heats  of  ox¬ 
idation  various  elements  are  listed  in  Table  1,  showing  boron  with  the  highest 
value  on  a  volumetric  basis,  and  third  highest  on  a  gravimetric  basis.  For  effec¬ 
tive  utilization,  boron  particles  must  ignite  and  completely  bum  within  the  allowed 
ie=ideuce  time  of  a  combustion  chamber.  However,  since  inhibitive  boron-oxide  lay¬ 
ers  usually  surround  these  particles,  igrd  don  and  subsequent  combustion  are  often 
delayed,  thereby  hindering  the  performance  of  boron-laden  fuels.  Unless  the  oper¬ 
ating  environment  is  suited  toward  minimizing  the  ignition  and  combustion  times, 
or  manufacturing  techniques  are  developed  to  minimize  the  particle  size  and  oxide 
layer  effect,  boron-containing  fuels  cannot  perform  at  the  desired  levels. 

1. 1.2.1.  Single- Particle  Studies 

To  understand  some  of  the  difficulties  associated  with  the  combustion  of  boron 
particles,  the  ignition  and  burning  processes  of  individual  boron  particles  have  been 
studied  both  experimentally  and  theoretically.  Macek*  determined  the  burning 
times  of  crystalline  boron  particles  with  average  diameters  of  35  and  44  microns 
in  a  hot,  oxidizing  gas  stream  at  atmospheric  piessure.  The  combustion  of  boron 
particles  was  observed  to  occur  in  two  successive  stages,  the  first,  being  an  ignition 
stage  during  which  the  boron-oxide  layer  is  consumed  from  the  surface.  Ignition  was 
then  followed  by  a  combustion  stage  in  which  the  boron  particle  burned  vigorously 
with  ambient  oxirlizer.  Burning  times  were  found  to  decrease  with  increases  in 
incoming  gas  temperature  and  mole  fraction  of  oxygen  ( Xo7 )  in  the  gas.  Addition 
of  water  vapor  to  the  surrounding  gas  was  shown  to  decrease  the  burning  times 


Table  1.  Heats  of  Oxidation  of  Selected  Elements 


Element 

Density, 

gm/cm3 

Hydrogen 

(H) 

— 

Lithium 

(Li) 

0.53 

Beryllium 

(Be) 

1.85 

Boron 

(B) 

2.34 

Carbon 

(C) 

2.25 

Magnesium 

(Mg) 

1.74 

Aluminum 

(Al) 

2.70 

Silicon 

(Si) 

2.33 

Titanium 

(Ti) 

4.54 

Iron 

(Fe) 

7.86 

Zirconium 

(Zr) 

6.49 

Gravimetric 

Heat  of 

Oxidation, 

kJ/gm 

Volumetric 

Heat  of 

Oxidation, 

kJ/cm3 

141.9 

- 

43.2 

23.1 

66.5 

123.0 

58.7 

137.4 

32.8 

73.8 

24.7 

43.0 

31.1 

83.9 

32.3 

75.2 

19.7 

89.6 

7.4 

58.1 

12.0 

78.1 
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dramatically.  Further  works  by  Macek9’10  provided  a  substantial  data  base  for 
particle  sizes  of  37  to  125  microns  in  diameter,  in  pressures  from  0.17  to  35.0  atm 
with  a  range  of  oxygen  mole  fractions  from  0.1  to  1.0.  For  higher  values  of  the 
diameter  (d),  pressure  (p)  and  oxygen  mole  fraction,  the  burning  times  were  found 
to  be  inversely  proportional  to  Xoa,  directly  proportioned  to  cP  and  independent 
of  p.  The  burning  times  deviated  from  these  scaling  laws  at  low  values  of  d,  p,  and 

Xq3  ■ 

Results  from  these  studies  were  compared  with  the  predictions  of  an  ignition 
model  by  King11  which  described  the  ignition  event  in  terms  of  the  physical  and 
chemical  processes  involved  in  removing  the  oxide  layer  from  the  surface  of  the  par¬ 
ticle.  Ignition  times  decreased  with  increasing  initial  particle  temperature  for  large 
particles  with  radii  greater  than  10  microns.  Decreasing  the  oxygen  partial  pressure 
increased  the  minimum  ambient  temperature  required  for  ignition  and  the  total 
ignition  time  of  the  particles.  Further  refinements  of  this  numerical  model12-14 
attempted  to  fully  describe  the  fundamental  heat  and  mass  transfer  processes  sur¬ 
rounding  the  particle,  including  the  effects  of  radiation,  oxide-layer  thickness,  water 
vapor  and  oxygen  mole  fractions  in  the  ambient  gets.  Comparison  of  model  pre¬ 
dictions  with  the  data  of  Macek8  were  quite  reasonable.  The  ignition  model  was 
then  linked  with  a  combustion  model15  for  clean  boron  particles  under  kinetic-  or 
diffusion-limited  conditions,  leading  to  a  unified  model  for  boron  particles.  The 
combustion  stage  is  diffusion-controlled  for  large  particles  and  kinetics-controlled 
for  small  particles,  with  transition  in  the  region  from  15-30  microns  in  diameter, 
depending  on  the  ambient  pressure. 

Mohan  and  Williams16  also  studied  the  ignition  and  combustion  of  laser-ignited 
boron  particles  in  the  100  micron  diameter  range.  A  diffusion-controlled  droplet 
burning  equation  was  applied  to  the  combustion  stage  and  agreement  was  attained 
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between  theory  and  experiment.  However,  the  application  of  this  model  is  limited  to 
high-temperature  (T  >  2300  K),  dry  environments  in  which  the  particle  diameters 
are  greater  than  approximately  40  microns  and  the  burning  is  diffusion-controlled. 

Because  of  the  important  role  which  boron  oxide  (B2O3)  plays  in  the  ignition 
process,  the  gasification  process  of  B2O3  droplets  was  studied  in  wet  and  dry  ox¬ 
idizing  environments  by  Turns  et  al.17  Droplets  with  1000  micron  diameters  were 
examined  under  freestream  gas  temperatures  from  1500-1975  K  at  atmospheric 
pressure.  Large  variations  in  ambient  oxygen  concentration  produced  little  or  no 
effect  in  the  droplet  lifetimes,  whereas  the  presence  of  water  vapor  in  the  ambient 
gas  significantly  increased  the  gasification  rate  of  the  particles.  A  diffusion-limited 
equilibrium  model  provided  agreement  between  oxide  drop- life  histories  and  exper¬ 
imental  data  for  particles  with  temperatures  greater  than  1350  K. 

1.1. 2.2.  Boron-Based  Solid  Fuel  Studies 

Recent  experimental  studies  in  boron-based  solid  fuel  combustion  have  focused 
on  the  effect  of  boron  loading  on  regression  rate  and  combustion  efficiency.  Snyder 
et  al.18  studied  the  effects  of  boron  percentage  on  the  burning  rates  of  hydroxyl 
terminated  polybutadiene  (HTPB)  solid  fuels  by  adding  small  fractions  of  boron 
powders  to  enhance  the  ignition  and  combustion  characteristics  of  the  fuel  samples. 
Regression  rates  were  found  to  increase  with  boron  addition  up  to  10  percent, 
but  further  addition  of  boron  caused  the  fuel  regression  rates  to  decrease.  Pein 
and  Vinnemeier19  noted  similar  effects  on  specific  thrust  at  a  boron  loading  of  20 
percent.  Specific  thrust  increased  with  boron  loading  to  20  percent;  however  further 
addition  of  boron  hampered  combustion  efficiency  and  decreased  specific  thrust. 
This  decrease  may  be  attributed  to  (1)  the  heat-sink  effect  associated  with  unignited 
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boron  particles  in  the  gas  phase  which  reduced  the  gas-phase  temperature,  (2) 
shielding  of  heat  feedback  to  the  surface  by  a  large  number  of  boron  particles  above 
the  surface,  and  (3)  decreased  gas-phase  reactions  due  to  the  smaller  percentage  of 
HTPB  contained  in  the  sample. 

Ganv  and  Netzer20  studied  the  combustion  processes  of  highly-loaded  boron- 
based  fuels  in  solid  fuel  ramjets.  In  this  study,  the  fraction  of  binder  ingredients 
in  the  samples  was  only  30  to  50  percent.  Results  from  direct  visualization  showed 
large  segments  of  fuel  being  ejected  from  the  surface  and  being  swept  downstream. 
Ignition  of  these  pieces  ordinarily  occurred  in  the  gas  phase;  however,  surface  rough¬ 
ness  caused  by  the  ejection  of  the  segments  allowed  for  direct  impingement  of  oxygen 
onto  the  surface  and  subsequent  surface  heating  and  glowing. 

Karadimitris  et  al.21  also  studied  the  regression  and  combustion  characteristics 
of  highly  loaded  boron-containing  solid  fuels,  and  noticed  similar  results  with  regard 
to  the  shedding  of  flakes  of  unbumed  material  from  the  fuel  surface.  This  process 
played  a  major  role  in  the  overall  mass  loss  rate  of  the  solid  fuel.  The  fuels  did 
not  burn  well  at  pressures  below  40  psia,  primarily  due  to  the  lack  of  adequate 
gas-phase  reactions  for  complete  ignition  and  combustion  of  the  boron  flakes,  and 
inherently  poor  combustion  efficiency  of  boron  at  low  pressures. 

1.1.3.  Numerical  Study  of  Solid  Fuel  Combustion 

Turbulent  reacting  flowfields  in  solid-fuel  combustion  chambers  have  also  been 
studied  numerically  using  finite-rate  combustion  models.  Elands  et  al.3  soiled  a 
two-dimensional  flow  over  a  rearward-facing  step,  and  incorporated  a  burning- rr.te 
equation  for  a  polyethylene  solid  fuel  along  one  of  the  wall  boundaries.  Flame 
temperatures  varied  significantly  among  the  finite-rate  kinetics  and  diffusion-flame 
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models  tested;  however,  the  near-wall  temperature  gradients  and  corresponding 
burning  rates  did  not  differ  substantially.  Predictions  from  the  numerical  model 
compared  reasonably  well  with  experimental  data.  Milshtein  and  Netzer22  exam¬ 
ined  the  qualitative  effects  of  inlet  air  location  and  flow  characteristics  on  solid-fuel 
regression  rate  patterns  using  a  three-dimensional  computer  code  with  finite-rate 
kinetics.  Predictions  showed  that  regression  rates  could  vary  significantly,  depend¬ 
ing  on  the  manner  in  which  the  air  was  introduced  into  the  combustion  chamber. 
In  addition,  inlet  air  swirl  could  be  used  to  improve  fuel  utilization. 

1.2.  Objectives 


The  previous  studies  have  provided  useful  information  regarding  solid-fuel  com¬ 
bustion;  however,  the  majority  of  these  studies  were  conducted  in  low-speed  envi¬ 
ronments.  The  primary  objective  of  this  research  is  to  investigate  the  ignition  and 
combustion  processes  of  solid  fuels  under  a  wide  r tinge  of  Mach  numbers,  including 
both  subsonic  and  supersonic  crossflows. 

The  work  ’./as  accomplished  using  experimental  and  numerical  techniques. 
Specifically,  the  objectives  in  the  experimented  study  are  as  follows: 

1.  to  determine  the  feasibility  of  solid-fuel  combustion  under  high-velocity 
crossflows; 

2.  to  study  the  effect  of  boron  particles  on  the  ignition  and  combustion 
characteristics  of  HTPB-based  solid  fuels;  and 

3.  to  determine  the  effects  of  freestream  conditions  such  as  pressure, 
temperature,  and  mass  flux  on  the  burning  rates  of  HTPB-based  solid  fuels. 

A  full  description  of  the  experimental  apparatus  is  given  in  Chapter  2,  with  discus¬ 
sion  of  the  results  in  Chapter  3. 
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A  comprehensive  theoretical  formulation  of  the  combustion  of  homogeneous 
solid  fuels  under  supersonic  crossflow  conditions  will  also  be  presented,  with  a  de¬ 
scription  of  the  numerical  algorithm.  As  a  specific  example,  the  combustion  behav¬ 
ior  of  pure  HTPB  fuel  samples  is  treated  in  depth.  To  better  understand  some  of  the 
complex  two-phase  phenomena  occurring  above  a  reacting  boron-laden  solid  fuel, 
the  ignition  behavior  of  boron  particles  in  a  ramjet  environment  is  treated.  The 
approach  presented  herein  should  furnish  a  more  realistic  indication  of  the  varying 
conditions  surrounding  a  particle  as  it  travels  through  a  turbulent  reacting  flowfield 
into  an  oxidizing  core  region.  The  specific  objectives  of  the  numerical  study  are: 

1.  to  investigate  the  detailed  flowfields  and  flame  structures  involved  in  the 
combustion  of  solid  fuels  in  a  supersonic  flow  environment; 

2.  to  determine  the  burning  rates  of  the  fuel  samples  under  various  conditions; 

3.  to  examine  the  effects  of  the  freestream  conditions  (specifically  pressure 
and  temperature)  on  the  pyrolysis  and  combustion  characteristics  of  the 
fuel  samples; 

4.  to  study  the  ignition  process  of  individual  boron  particles  ejected  from  a 
reacting  solid  fuel  under  a  high-velocity  crossflow; 

5.  to  determine  the  effect  of  particle  size  on  the  ignition  time  and  location  of 
the  particles; 

6.  to  investigate  the  effects  of  freestream  parameters,  including  pressure  and 
temperature  on  the  ignitability  of  the  boron  particle;  and 

7.  to  determine  if  ignition  delay  times  of  boron  particles  can  be  minimized 
by  utilizing  a  particular  size  range  of  particles. 

The  comprehensive  formulation  of  tbe  numerical  model  is  given  in  Chapter  4,  with 


a  description  of  the  solution  aijrcrh 


in  Chapter  5,  and  finally  the  discussion  of 


results  in  Chapter  6.  Conclusions  of  this  study  are  summarized  in  Chapter  7. 


Chapter  2 


EXPERIMENTAL  APPROACH 


2.1.  Test  Facility 


In  order  to  study  the  physical  and  chemical  mechanisms  involved  in  the  com¬ 
bustion  of  solid  fuels,  a  test  facility  was  constructed  consisting  of  the  following 
major  components:  an  air  supply  system,  test  rig,  and  data  acquisition  and  control 
systems.  These  components  are  described  in  the  following  subsections. 

2.1.1.  Air  Supply  System 

The  air  supply  system  serves  as  an  air  reservoir  for  blowdown  tests.  A  detailed 
description  of  this  facility  is  given  in  DiRosa,23  therefore,  only  a  short  summary  is 
provided  here. 

The  system  consists  of  a  compressor  plant,  two  air  storage  tanks,  and  gas 
supply  lines  to  the  test  rig.  The  compressor  plant  houses  a  primary  compressor, 
an  intermediate  receiver,  and  a  booster  compressor.  All  tliree  of  these  units  were 
manufactured  by  Ingersoll- Rand .  The  primary  compressor,  otherwise  known  as 
ESK,  is  a  double-acting,  horizontal  compressor.  The  ESH  is  a  nonlubricated  unit 
that  provides  two  stages  of  compression  with  a  maximum  discharge  of  2.5  MPa  (350 
psig)  to  the  intermediate  receiver.  The  receiver  dissipates  the  discharge  pulses  from 
the  ESH  and  feeds  the  booster  compressor.  The  booster  (or  ESV)  is  a  double-acting 
compressor,  and  like  the  ESH,  is  also  a  non- lubricated  unit.  The  booster  provides 
an  additional  stage  of  compression  and  is  capable  of  discharging  up  to  4.9  MPa  (TOO 
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psig)  of  air  to  the  storage  tanks. 

The  air  storage  tanks  have  a  dry  capacity  of  72  cubic  meters  (19,000  gallons), 
and  have  a  rated  working  pressure  of  5.3  MPa  (750  psig).  The  tanks  stand  six  meters 
(20’)  high  and  weigh  approximately  twenty-nine  tons  each.  The  storage  tanks  can 
discharge  the  compressed  air  to  the  test  rig  through  5.1  cm  (2”)  and  10.2  cm  (4”) 
diameter  gas  supply  lines,  which  are  rated  at  4.9  MPa.  The  rate  of  discharge  is 
regulated  by  pneumatic  ball  valves,  which  are  described  in  the  following  section. 

2.1.2.  Test  Rig 

The  connected-pipe  facility  is  shown  schematically  in  Fig.  2.  The  rig  consists 
of  several  major  components  including:  a  pneumatic  ball  valve,  vitiator,  settling 
chamber,  converging-diverging  nozzle,  and  combustion  chamber. 

Primary  air  flow  for  the  rig  is  released  from  the  storage  tanks  through  the 
10  cm  discharge  line,  and  is  regulated  by  a  7.5  cm  (3V1)  pneumatically  controlled 
Fisher  belli  valve.  To  simulate  flight  conditions  at  high  altitude,  the  temperature 
of  the  primary  air  must  be  increased.  This  is  accomplished  by  mixing  and  burning 
the  air  with  an  appropriate  amount  of  liquid  propane  in  the  vitiator,  achieving  a 
maximum  temperature  of  1000  K.  Preheating  the  air  also  improves  the  ignitabil- 
ity  of  the  fuel  sample  in  the  combustion  chamber.  For  the  majority  of  tests,  the 
mole  fraction  of  oxygen  in  the  vitiated  air  is  fixed  at  approximately  0.17.  After 
passing  through  a  diverging  section,  the  gas  flows  through  the  settling  chamber, 
which  contains  a  series  of  perforated  plates,  screens,  and  honeycomb  for  breaking- 
up  the  large-scale  turbulent  structures  and  flow  straightening.  The  Mach  number 
in  the  settling  chamber  is  quite  low  (less  than  0.05),  therefore  stagnation  pressure 
and  temperature  are  measured  at  this  location.  The  inner  diameter  of  the  settling 


Figure  2.  Schematic  Diagram  of  Connected-Pipe  Facility 


38 


chamber  is  33  cm  (13”)  with  an  inner  surface  coating  of  Hydrecon,  an  insulating  ma¬ 
terial  for  reducing  heat  loss  to  the  chamber  wadis.  Further  downstream,  a  transition 
section  between  the  settling  chamber  and  converging-diverging  nozzle  changes  the 
flow  configuration  from  axisymmetric  to  2-D  rectangular.  The  hot  gas  then  passes 
through  the  convergent-divergent  nozzle  which  accelerates  the  flow  to  a  supersonic 
Mach  number  of  1.5,  or  as  in  most  cases,  a  subsonic  Mach  number  in  the  vicinity 
of  0.7.  The  inlet  channel  to  the  combustion  chamber  is  3.175  cm  (lj”)  in  height 
and  10.2  cm  (4”)  in  width.  A  rearward- facing  step  provides  a  recirculating  region 
for  flame  stabilization  above  the  fuel  sample.  The  final  product  gases  pass  through 
the  adjustable  nozzle  and  are  released  to  the  ambient  surroundings.  The  purpose 
of  the  exhaust  nozzle  is  to  choke  the  flow  and  control  the  Mach  number  in  the  test 
section  for  subsonic  operation.  For  supersonic  operation,  the  downstream  nozzle 
is  removed,  since  the  combustion  chamber  operates  at  static  pressures  above  one 
atmosphere  and  the  flow  is  already  choked  by  the  upstream  nozzle. 

A  detailed  diagram  of  the  combustion  chamber  is  provided  in  Fig.  3,  showing 
the  dimensions  and  features  of  the  test  section.  The  high-enthalpy  flow  enters  the 
combustion  chamber  through  a  short  and  straight  rectangular  inlet  measuring  3.18 
cm  in  height,  10.16  cm  in  width,  and  10.8  cm  in  length.  The  inlet  flow  has  a  Reynolds 
number  based  on  the  inlet  height  of  approximately  1x10s  before  passing  over  a 
rearward-facing  step  into  the  test  section.  The  solid  fuel  sample  is  placed  directly 
behind  this  step.  The  initial  step  height  is  kept  constant  for  all  subsonic  tests 
at  1.27  cm,  creating  a  recirculation  zone  with  sufficient  dimensions  for  achieving 
ignition  and  stable  combustion  of  the  fuel  sample,  and  leaving  adequate  space  for 
boundary  layer  redevelopment  in  the  downstream  portion  of  the  fuel  sample.  During 
supersonic  operations,  the  step  height  is  increased  to  1.91  cm  to  provide  a  larger 
recirculation  zone  for  flame  stabilization.  After  ignition,  an  electronic  actuator  may 
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be  vised  to  feed  the  fuel  sample  upward  in  order  to  study  the  effect  of  step  height 
on  combustion  behavior.  The  sample  feeding  rate  is  on  the  order  of  2.5  cm/s. 

The  facility  is  capable  of  providing  vitiated  air  at  a  high-velocity  crossflow 
with  a  static  pressure  range  of  0.1  to  0.62  MPa  in  the  test  section,  simulating 
the  combustion  chamber  conditions  of  a  hypersonic  vehicle  at  high  altitudes.  The 
maximum  flowrate  attainable  at  Mach  1.5  is  8  kg/s  with  a  duration  of  four  minutes 
at  the  highest  pressure. 

2.1.3.  Data  Acquisition  and  Control  Systems 

Pressure  and  temperature  measurements  are  taken  at  several  locations:  the  set¬ 
tling  chamber,  upstream  of  the  convergent-divergent  nozzle,  the  inlet  of  the  combus¬ 
tion  chamber,  and  downstream  of  the  solid  fuel  sample.  Data  are  not  taken  in  the 
regions  surrounding  the  fuel  sample,  since  measurements  in  these  locations  would 
interfere  with  the  video  systems.  Combustion  chamber  temperature  and  pressure 
are  monitored  at  the  locations  shown  in  Fig.  3.  Temperature  measurements  are  ob¬ 
tained  using  R-type  (platinum /platinum- 13%  rhodium)  thermocouples.  Radiative 
and  catalytic  effects  on  the  thermocouple  beads  axe  found  to  be  negligible  because 
of  the  high  convective  velocity  and  small  bead  size  of  200  microns;  therefore,  no 
corrections  are  made  to  the  temperature  readings.  The  pressure  measurements  are 
taken  using  high  output  transducers  from  Setra  Systems,  Inc.  An  IBM  PC/AT 
computer  records  all  temperature  and  pressure  measurements  using  a  Metrabyte 
DAS-16  high-speed  data  acquisition  system.  A  Metrabyte  EXP-16  expansion  board 
provides  an  additional  16  channels  of  differential  analog  input. 

Steady  flow  conditions  are  achieved  by  means  of  a  feedback  control  loop  be¬ 
tween  the  pneumatic  ball  valve  in  the  air  supply  line,  a  single-loop  digital  controller, 


and  a  pressure  transducer  in  the  settling  chamber,  with  a  maximum  fluctuation  of  1 
percent  in  the  stagnation  pressure.  The  controller  is  manufactured  by  Moore  Prod¬ 
ucts  and  the  model  type  is  MYCRO-352.  A  4-20  mA  signal  from  the  controller  is 
converted  to  a  pneumatic  pressure  via  a  548  Electro-Pneumatic  Transducer  (Fisher), 
which  regulates  the  supply  pressure  for  the  ball  valve.  The  air  flowrate  to  the  test 
rig  is  therefore  regulated  by  changing  the  output  current  from  the  Moore  controller. 

The  liquid  propane  flowrate  to  the  vitiator  is  regulated  by  a  Worcester  Controls 
V-seat  control  valve.  A  1075  electric  actuator  from  Worcester  drives  the  valve 
based  on  a  4-20  mA  signal  provided  from  the  test  operator.  The  propane  flowrate 
is  monitored  by  an  Omega  FTB-100  Series  turbine  flowmeter. 

2.2.  Solid  Fuels 

All  fuels  studied  in  this  work  are  processed  by  mixing  liquid  HTPB  binder 
(ARCO  R45-M)  and  various  percentages  (0-20  by  weight)  of  boron  powder  with 
the  curing  agent  isophorone  diisocyanate  (IPDI).  Amorphous  boron  powders  added 
to  the  fuels  have  a  purity  of  99.9%  and  a  size  range  of  0.04  to  0.15  microns  in 
diameter.  The  fuels  are  prepared  by  thoroughly  blending  all  of  the  ingredients  in 
a  vacuum  mixer  at  50°C  for  one  hour.  After  mixing,  the  fuels  are  poured  into  a 
mold,  placed  in  a  vacuum  desiccator  for  three  hours,  then  cured  at  65° C  for  at  least 
four  days.  The  samples  measure  15.2  cm  in  length,  5.1  cm  in  width,  and  3.2  cm 
in  height  for  the  subsonic  tests.  During  supersonic  operations,  the  width  of  the 
samples  is  increased  to  the  full  width  of  the  chamber  (10.16  cm)  in  order  to  prevent 
expansion  of  the  gas  to  the  sides  of  the  fuel  sample  and  to  maintain  a  high  pressure 
above  the  fuel  surface.  The  narrower  samples  we  used  for  subsonic  tests  to  avoid 
direct  impingement  of  the  flame  onto  the  side  windows  and  prolong  the  lifetime  of 
the  windows. 
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2.3.  Igniter 


A  pyrophoric  liquid,  triethylboiane  (TEB),  is  injected  into  the  recirculation 
zone  to  achieve  ignition  of  the  solid  fuels.  A  stainless  steel  tube  with  an  outer 
diameter  of  C  32  cm  is  extended  slightly  above  the  sample  surface  to  inject  TEB 
parallel  to  the  top  surface  of  the  sample  at  an  angle  approximately  60  degrees  from 
the  side  walls.  The  injection  time  is  orcdnarily  on  the  order  of  one  second,  then  the 
TEB  is  turned  off  after  solid  fuel  ignition  is  attained.  In  some  cases,  the  solid  fuel 
samples  are  ignited  by  the  hot  crossflow  gas  without  the  aid  of  TEB,  but  this  is 
highly  dependent  upon  freestream  conditions  and  fuel  composition. 

2.4.  Real  —  Time  X  —  Ray  Radiography  and  Video  System 

Instantaneous  surface  profiles  of  the  solid  fuels  are  obtained  using  a  real-time  x- 
ray  radiography  system.  The  system,  shown  in  Fig.  4,  consists  of  an  x-ray  source,  an 
image  intensifies  which  receives  the  x-ray  image  through  the  graphite  windows,  mid 
a  video  camera.  After  completion  of  each  test,  the  regression  rate  of  the  fuel  sample 
is  deduced  using  a  digital  image  processing  system.  This  non-intrusive  technique 
offers  several  advantages  over  the  conventional  optical  methods  in  measuring  the 
instantaneous  surface  profiles  of  fuel  samples.  First,  x-rays  easily  identify  the  fuel 
surface  by  penetrating  through  the  two-phase  combustion  products  surrounding 
the  sample,  which  are  usually  opaque  for  other  visualization  techniques.  The  flame 
does  not  interfere  with  the  interpretation  of  the  surface  profiles,  since  the  luminous 
flame  zone  is  not  visible  on  the  x-ray  images.  Second,  gas  purging  of  the  viewing 
windows,  as  required  by  the  direct  photography  technique,  is  not.  necessary  since 
deposits  of  fuel  and/or  char  on  the  windows  are  easily  penetrated  by  the  x-rays. 
The  elimination  of  gas  purging  also  simplifies  the  design  of  the  combustion  chamber. 


FLOW 


Schematic  Diagram  of  Real-Time  X-Ray  Radiography 
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Third,  the  viewing  area  (6.35  cm  in  height  x  13.3  cm  in  length)  encompasses  a  large 
portion  of  the  fuel  sample  and  its  associated  reacting  flowfield,  so  that  the  complete 
surface  profile  is  contained  on  one  image. 

Direct  video  is  also  employed  to  study  the  burning  phenomena  of  the  solid  fuels. 
The  top  view  of  the  solid  fuel  is  captured  through  a  quartz  window  (see  Fig.  3) 
to  study  the  surface  ignition,  flame  spreading,  and  combustion  processes.  Another 
video  camera  records  the  exhaust  plume  emanating  from  the  combustion  chamber. 
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Chapter  3 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


A  series  of  subsonic  and  supersonic  tests  were  performed  using  the  facility  de¬ 
scribed  in  Chapter  2.  For  subsonic  crossflow  conditions,  the  inlet  static  pressures 
and  freestream  temperatures  ranged  from  0.26  to  0.57  MPa  and  550  to  1080  K,  re¬ 
spectively.  Vitiated  air  entered  the  combustion  chamber  at  flowrates  ranging  from 
1.1  to  3.1  kg/s  and  Mach  numbers  from  0.47  to  0.74.  Figures  5  and  6  show  typical 
temperature  and  pressure  histories  recorded  from  a  subsonic  test  with  a  sample  con¬ 
sisting  of  5  percent  (by  weight)  boron  in  the  HTPB  binder  (denoted  as  B/HTPB, 
5/95).  Ignition  of  the  propane/air  mixture  in  the  vitiator  occurs  forty  seconds  into 
the  test,  as  indicated  by  the  abrupt  increase  >;»  *  rmperature  shown  in  Fig.  5.  Prior 
to  this  time,  the  cold  air  is  slowly  introduced  into  the  test  section.  After  ignition  in 
the  vitiator,  the  propane  and  air  flowrates  are  steadily  increased  to  raise  the  temper¬ 
ature  and  pressure  of  the  hot  gas.  Heat  transfer  to  the  solid-fuel  sample  raises  the 
surface  temperature  of  the  sample,  and  the  fuel  begins  to  slowly  release  pyrolyzed 
fuel-rich  gaseous  species  from  its  surface.  According  to  the  thermogravimetric  anal¬ 
ysis  of  B/HTPB  fuels  at  a  heating  rate  of  100  deg/min,24  decomposition  starts  at 
approximately  520  K,  and  reaches  a  peak  weight  loss  in  the  neighborhood  of  680 
K,  with  boron  having  only  a  very  limited  effect.  A  dashed  vertical  line  at  t=64 
seconds  in  Fig.  5  represents  the  time  at  which  the  gas  temperature  exceeds  520  K. 
For  this  particular  test,  TEB  injection  is  not  necessary  because  the  temperature  of 
the  vitiated  air  is  sufficiently  high  to  promote  exothermic  surface  reactions  of  boron 
particles  which  serve  as  a  local  ignition  source  for  the  air  and  pyrolyzed  fuel  mix- 


Figure  5.  Temperature-Time  History  of  Thermocouple  B  from  a  Typical  Subsonic  Test 


Settling  Chamber 


Pressure-Time  Histories  of  a  Typical  Subsonic 
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ture.  Following  ignition  of  the  fuel  sample,  the  flowrates  of  propane  and  air  remain 
fixed,  resulting  in  a  constant  pressure  for  th»  dxxration  of  the  combustion  event.  The 
occurrence  of  ignition  is  indicated  by  a  large  spike  in  the  test-section  thermocouple 
B  reading,  as  shown  in  Fig.  5.  The  height  of  the  thermocouple  is  initially  aligned 
with  the  sample  surface  prior  to  the  test.  When  the  fuel  sample  ignites,  the  flame  is 
in  close  proximity  to  the  thermocouple;  however,  as  the  sample  regresses,  the  flame 
zone  moves  down  with  the  surface  of  the  sample,  thereby  increasing  the  distance 
between  the  flame  and  thermocouple  and  reducing  the  temperature  reading.  The 
abrupt  drop  in  temperature  at  the  end  of  the  test  is  caused  by  shutdown  of  the  test 
facility. 

Figure  6  shows  three  separate  pressure-time  traces  measured  in  the  settling 
chamber,  combustion  chamber  inlet,  and  test  section.  As  shown  in  these  traces, 
ignition  of  the  solid  fuel  sample  causes  a  small,  abrupt  increase  in  each  pressxxre 
reading.  During  the  comb' tst ion  event,  the  Mach  number  at  the  inlet  is  fixed  at 
0.61.  This  value  is  calculated  using  the  static  to  stagnation  pressure  ratio,  then 
verified  by  determining  the  correct  pressure  ratio  based  on  the  inlet  to  nozzle  aiva 
ratio. 

3.1.  Ignition  Sequence 

As  mentioned  previously,  autoignitior  of  the  solid  fuel  can  be  initiated  by 
reactions  of  boron  particles  on  the  surface  ox  the  fuel  sample.  This  ignition  process 
relies  on  several  important  physical  and  chemical  mechanisms,  including  pyrolysis 
of  the  solid  fuel,  mixing  of  the  pyrolyzed  fuel-rich  species  with  the  oxygen,  and 
subsequent  ignition  of  the  mixture  by  the  reacting  boron  particles.  In  order  to 
describe  this  sequence  in  more  detail,  the  ignition  process  of  the  boron  particle  is 
briefly  summarized  below. 


Previous  studies  of  ignition  and  combustion  of  individual  boron  particles8,25 
indicate  that  boron  undergoes  a  two-stage  ignition  process.  The  first  stage  begins 
with  the  removal  of  a  thin  inhibitive  oxide  layer  from  the  particle  surface.  Heat 
transfer  to  the  particle  melts  the  oxide  layer  at  723  K,  thereby  allowing  oxygen  to 
diffuse  across  the  molten  oxide  layer.  The  boron/oxygen  reactions  produce  addi¬ 
tional  boron  oxide  which  thicken  the  oxide  layer,  but  also  raise  the  temperature 
of  the  particle  due  to  the  exothennicity  of  the  reactions.  This  initial  rise  in  tem¬ 
perature  is  accompanied  by  the  appearance  of  luminosity,  and  marks  the  onset  of 
the  first  stage  of  particle  ignition.  In  order  for  the  ignition  process  to  continue, 
the  particle  temperature  must  continue  to  rise.  This  occurs  by  further  convective 
or  radiative  heat  transfer  to  the  particle,  which  evaporates  the  oxide  layer  from 
the  surface.  In  addition,  self-heating  from  boron/oxygen  reactions  raises  the  par¬ 
ticle  temperature  at  the  expense  of  boron  oxide  production.  At  a  sufficiently  high 
freestream  temperature  (ca.  1900  K),  th*  evaporation  rate  of  the  boron  oxide  is  high 
enough  to  completely  remove  the  oxide  layer.  The  elemental  boron  is  then  directly 
exposed  to  the  oxygen,  giving  rise  to  highly  exothermic  heterogeneous  reactions  and 
the  second  stage  of  particle  ignition.  This  results  in  full-fledged  combustion  and  a 
much  brighter  flame  surrounding  the  particle. 

Figure  7  chows  the  top  view  of  the  ignition  sequence  of  a  B/HTPB  (5/95)  fuel 
sample.  The  flow  conditions  are  given  in  Figs.  5  and  6.  The  viewing  area  of  the 
window  spans  19  cm  in  length  by  7  cm  in  width,  and  the  flow  direction  is  from  left 
to  right.  Since  the  fuel  sample  is  15  cm  in  length,  a  small  portion  of  the  downstream 
section  of  the  combustion  chamber  is  visible  on  the  right  side  of  the  window.  The 
temperature  of  the  crossflow  gas  is  approximately  750  K,  sufficient  to  melt  the 
oxide  layers  on  the  particles  and  promote  the  first  step  of  particle  ignition,  Figure 
7a  reveals  glowing  spots  on  the  fuel  surface  which  appear  to  be  boron  particles  in 
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c.  t=0.067  s 
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Figure  7.  Autoignition  Sequence  of  a  B/HTPB  (5/95)  Solid  Fuel  Viewed 
through  Top  Window  at  a  Framing  Rate  of  30  pps 
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the  first  stage  of  ignition.  As  shown  in  the  sequential  Figs.  7a  through  7c  taken 
at  a  framing  rate  of  30  pictures  per  second,  the  glowing  particles  on  the  surface 
provide  the  heat  necessary  to  ignite  the  pyrolyzed  fuel-rich  gas  and  air  mixture. 
Ignition  of  the  gas  phase  begins  in  the  recirculation  zone  formed  by  the  rearward 
facing  step,  and  spreads  downstream  very  quickly  as  shown  in  Figs.  7c  and  7d.  The 
flame-spreading  process  ordinarily  occurs  in  less  them  0.05  seconds  for  the  B/HTPB 
fuels  used  in  this  study.  Finally,  Fig  7e  shows  full-fledged  ignition  of  the  solid  fuel 
sample.  The  erratic  edges  of  the  window  are  video  distortions  caused  by  the  high 
noise  level  in  the  test  room. 

After  ignition  of  the  solid  fuel,  the  glowing  boron  particles  are  ejected  with  py¬ 
rolyzed  fuel-rich  species  into  the  gas-phase  reaction  zone.  In  order  for  the  particles 
to  achieve  full-fledged  ignition  and  combustion,  they  must  pass  through  the  flame 
zone.  In  summary,  the  ignition  process  of  the  boron-laden  solid  fuels  is  as  follows. 
The  high-temperature  crossflow  gas  promotes  the  first  stage  of  boron  particle  igni¬ 
tion.  The  regions  surrounding  the  reacting  particles  create  a  reaction  site  for  the 
pyrolyzed  fuel-rich  species  and  air  mixture,  which  results  in  flame  spreading  and 
stabilization  above  the  solid-fuel  surface.  Once  the  fuel  sample  sustains  combustion, 
ejected  boron  particles  can  achieve  their  second  stage  of  ignition  by  passing  through 
the  established  flame  zone. 

Within  the  Mach  number  range  tested  in  this  work,  the  majority  of  boron- 
laden  solid  fuels  can  ignite  at  inlet  temperatures  between  725  and  820  K  without 
the  use  of  TEB.  This  temperature  range  is  conducive  to  ignition,  since  HTPB 
pyrolyzes  below  this  temperature  range,  and  boron  particles  begin  then  ignition 
process  with  the  melting  of  the  oxide  layer  at  723  K.  All  of  these  fuels  ignited 
in  the  recirculating  region,  even  though  some  had  glowing  boron  particles  on  the 
sides  and  in  the  downstream  region  of  the  sample.  In  addition,  ignition  of  the 
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solid  fuel  did  not  instantaneously  occur  when  these  glowing  spots  were  formed  in 
the  recirculation  zone,  but  occurred  only  after  a  sufficient  amount  of  gas  pyrolyzed 
from  the  fuel  surface.  An  attempt  was  made  to  establish  a  correlation  between 
the  time  allowed  for  pyrolysis  and  the  ignition  temperature,  but  none  was  found 
because  the  elapsed  time  between  these  two  events  was  primarily  dependent  on  the 
test  procedure  and  the  sequence  in  supplying  propane  and  air  to  the  test  rig. 

The  ignition  sequence  for  B/HTPB  (0/100)  fuels  without  the  aid  of  TEB  was 
slightly  different  than  that  for  boron-containing  fuels,  since  boron  particles  were 
not  available  on  the  surface  to  promote  ignition.  The  HTPB  fuels  did  ignite  in 
the  recirculation  zone;  however,  the  required  inlet  temperatures  were  beyond  820 
K.  The  ignition  event  of  a  B/HTPB  (0/100)  fuel  is  shown  in  Figs.  8a  through 
8e.  Figure  8a  reveals  onset  of  ignition  of  the  gas-phase  mixture  in  the  recirculation 
zone,  and  the  next  three  figures  show  the  flame-spreading  phenomenon  which  is 
similar  to  that  of  the  B/HTPB  (5/95)  fuel.  The  B/HTPB  (0/100)  fuels  showed 
no  indication  of  a  localized  ignition  source  to  initiate  the  ignition  process;  instead 
ignition  seemed  to  occur  spontaneously  over  a  distributed  region  in  the  recirculation 
zone.  The  flame  spread  slightly  faster  compared  to  the  boron-laden  fuels,  but  this 
might  be  due  to  the  faster  gas-phase  kinetics  caused  by  a  higher  inlet  temperature. 

As  previously  mentioned,  TEB  was  available  to  ignite  the  solid  fuel;  however, 
it  was  used  only  under  conditions  which  necessitated  its  use.  Typically,  TEB  was 
used  for  those  tests  with  low  inlet  temperatures  in  which  auto-ignition  of  the  fuel 
species  in  the  gas  phase  was  difficult  to  achieve.  When  the  operating  conditions 
matched  the  desired  test  temperature  and  pressure,  the  TEB  was  injected  and 
the  fuel  samples  ignited  within  one  second  from  the  start  of  injection,  with  the 
exception  of  one  test  employing  B/HTPB  (0/100)  fuel  at  a  low  inlet  temperature. 
For  this  particular  test  at  620  K,  the  fuel  sample  ignited  momentarily  when  TEB 
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Figure  S.  Autoignition  Sequence  of  a  B/HTPB  (0/100)  Solid  Fuel  Viewed 
through  Top  Window  at  a  Framing  Rate  of  30  pps 
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was  injected  for  ten  seconds  above  the  surface;  however,  the  sample  extinguished 
after  the  igniter  was  turned  off-  A  B/HTPB  (10/90)  fuel  sample  tested  at  a  lower 
inlet  temperature  of  550  K  did  ignite  and  sustain  combustion  after  TEB  injection. 
The  successful  ignition  of  this  fuel  is  most  likely  caused  by  the  increased  surface 
absorptivity  due  to  the  addition  of  boron  particles.  Another  factor  contributing  to 
the  flame  stabilization  at  low  inlet  temperatures  is  the  increase  in  heat  feedback  to 
the  surface  from  the  ejected  boron  particles  reacting  above  the  solid  fuel. 

3.2.  Combustion  Characteristics 


3.2.1.  Subsonic  Results 

Figure  9  shows  the  instantaneous  surface  profiles  deduced  from  the  x-ray  ra¬ 
diography  system  for  a  B/HTPB  (5/95)  sample  burning  under  a  subsonic  crossflow. 
The  profiles  are  taken  at  axial  locations  4.5  to  13.5  cm  from  the  rearward-facing 
step  at  intervals  of  1.5  cm.  These  profiles  are  not  extended  to  the  full  length  of 
the  sample  because  all  of  the  fuels  experience  some  degree  of  end  burning;  there¬ 
fore,  data  at  the  15  cm  location  axe  not  always  available.  In  addition,  the  region 
upstream  of  the  2.8  cm  location  was  not  visible  due  to  restrictions  in  the  size  of  the 
graphite  side  window  (the  graphite  window  was  13  cm  in  length,  whereas  the  fuel 
was  15  cm  long).  The  dashed  line  corresponds  to  the  fuel  surface  profile  before  the 
test,  and  the  solid  lines  axe  the  contours  of  the  sample  taken  after  ignition  at  five 
second  intervals.  The  first  profile  taken  immediately  after  ignition  of  the  entire  fuel 
sample  at  t=110  seconds  shows  the  degree  of  fuel  pyrolysis  prior  to  ignition.  Since 
each  test  necessitates  some  staxt-up  time  to  achieve  operating  conditions,  all  solid 
fuels  exhibit  similar  pre-ignition  pyrolysis.  The  fuel  surface  profiles  show  a  slight  in¬ 
crease  in  regression  rate  in  the  downstream  region  caused  by  enhanced  heat  feedback 
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from  the  diffusion  flame  '  no  Although  Fig.  9  does  not  indicate  a  large  variation 
in  burning  rate  along  the  length  of  the  sample,  some  tests  indicate  a  variation  as 
large  as  10  percent.  The  reason  for  the  uneven  burning  may  be  attributed  to  larger 
amounts  of  fuel-rich  species  being  reacted  in  downstream  locations  rather  than  at 
upstream  stations.  This  occurs  because  the  majority  of  the  pyrolyzed  gases  are 
transported  downstream  by  the  shear  flow  before  chemical  reactions  occur.  Thus, 
heat  release  in  the  diffusion  flame  is  greater  in  the  downstream  region. 

Figure  10  shows  the  influence  of  freestream  pressure  on  the  regression  rates  of 
HTPB-based  solid  fuels  with  boron  loadings  of  0  and  10  percent.  The  regression 
rates  are  averaged  values  from  the  locations  at  6.0,  9.0,  and  12.0  cm  from  the 
rearward-facing  step,  which  cover  a  significant  portion  of  the  fuel  sample.  The 
error  bars  on  the  data  are  based  on  uncertainties  in  locating  the  top  surface  of 
the  solid  fuel  when  using  the  digital  image  processing  system  (1  to  2  pixels).  This 
uncertainty  results  in  an  error  of  2  to  4  percent  in  the  total  burning  rates.  For  the 
fuels  shown  in  Fig.  10,  the  burning  rates  increase  substantially  with  pressure.  Two 
mechanisms  can  be  attributed  to  the  enhanced  burning  rates  at  higher  pressures. 
First,  the  increase  in  pressure  corresponds  to  an  increase  in  oxidizer-to-fuel  ratio, 
allowing  additional  reactions  of  oxidizers  with  the  fuel-rich  pyrolysis  products  and 
boron  particles.  This  results  in  higher  name  temperatures  and  greater  heat  transfer 
to  the  fuel  surface,  thus  increasing  the  regression  rate  of  the  solid  fuel.  Second,  the 
gas-phase  kinetics  are  faster,  which  also  intensify  the  reactions  above  the  fuel  surface 
resulting  in  enhanced  heat  feedback  to  the  fuel  sample.  Unfortunately,  what  cannot 
be  shown  by  the  x-ray  images  is  the  change  in  the  height  of  the  diffusion  flame 
above  the  surface.  This  standoff  height  may  be  altered  by  changes  in  molecular 
diffusion  rates,  surface  blowing,  and  turbulent  mixing,  which  can  be  functions  of 
pressure.  Diagnostic  procedures  other  than  x-ray  may  reveal  the  effect  of  pressure 
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on  the  flame  height. 

The  effect  of  boron  on  the  regression  rate  of  the  HTPB  fuels  cam  also  be  de¬ 
termined  from  Fig.  10.  In  order  to  compare  the  0  and  10  percent  boron  data,  the 
burning  rates  must  first  be  independent  of  freestream  temperature.  Therefore,  the 
regression  rates  of  the  10  percent  boron  are  adjusted  from  the  775  K  freestream 
temperature  to  corresponding  burning  rates  at  815  K  by  employing  the  power  rule: 
r&ocT0-28.  The  value  of  the  exponent  will  be  justified  later  in  this  chapter.  The 
new  curves  are  shown  in  Fig.  11,  with  additional  points  coming  from  data  at  tem¬ 
peratures  other  than  those  shown  in  Fig.  10.  The  addition  of  10  percent  boron  to 
a  pure  HTPB  fuel  increases  the  burning  rate  by  approximately  10  percent.  This 
increase  can  be  attributed  to  the  additional  convective  and  radiative  heat  transfer 
from  the  reacting  particles  to  the  fuel  surface,  as  well  as  the  increased  radiation 
absorptivity  of  the  fuel  surface. 

Fuels  with  boron  loadings  greater  than  10  percent  were  also  tested.  A  higher 
boron  particle  loading  of  15  percent  slightly  decreased  the  burning  rate  compared 
with  the  10  percent  boron  fuel.  This  may  be  due  to  the  following  reasons:  (1)  the 
decreased  HTPB  content  in  the  fuel  diminishes  the  gas-phase  reactions  and  reduces 
the  energy  supply  for  complete  ignition  and  combustion  of  boron  particles,  (2) 
the  higher  boron  percentage  increases  the  heat-sink  effect  in  the  gas  phase,  which 
reduces  the  flame  temperature  and  results  in  incomplete  ignition  and  combustion  of 
the  particles,  thereby  reducing  the  heat  feedback  from  the  ejected  particles,  and  (3) 
the  heat  feedback  is  diminished  due  to  shielding  caused  by  accumulated  particles 
on  the  surface.  Only  a  few  tests  were  conducted  at  these  higher  loadings  and  more 
data  may  be  needed  to  support  these  statements. 

The  effect  of  freestream  temperature  on  the  burning  rates  of  B/HTPB  fuels 
with  particle  loadings  of  0,  5,  and  10  percent  is  presented  in  Fig.  12.  The  burning 
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Figure  12.  Burning  Rate  Dependence  on  FYeestreain  Temperature  for  B/HTPB  Solid  Fuels 
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rates  increase  with  freestre&m  temperature  due  to  enhanced  convective  heat  transfer 
to  the  fuel  surface  from  the  crossflow  and  wstei  t  cal  re  'ction  rates  at  elevated 
temperatures.  The  rise  in  freestream  temperatur  -  t  only  in<  eases  the  gas- phase 
reaction  rates,  but  also  increases  the  convective  b^a*.  tr?  ■ .  t  g  boron  particles, 
which  subsequently  decreases  the  heatup  and  ignite  i  •  boron  in  the  gas- 

phase  reaction  zone  above  the  fuel  sample.  At  lower  inlet  temperatures  the  particles 
may  ignite  but  not  until  they  are  convected  downstream  of  the  solid  fuel  where  less 
energy  can  be  directly  transferred  back  to  the  fuel.  If  the  particles  achieve  ignition 
sooner  due  to  the  higher  inlet  temperatures,  they  can  supplement  the  heat  feedback 
to  the  fuel  surface  with  radiative  and  convective  heat  transfer  from  the  condensed- 
phase  reactions.  Figure  12  also  supports  the  observation  of  higher  burning  rates 
with  increased  boron  loadings  to  10  percent. 

In  order  to  assess  the  effects  of  temperature,  pressure,  and  boron  loading  per¬ 
centage  on  the  burning  rates  in  a  more  general  and  quantified  sense,  the  independent 
variables  were  input  into  a  power  lav/  of  the  form: 

rb  —  a  pb  Tc  Gd  (1) 

where  the  pre-exponential  constant  a  and  the  pressure  exponent  b  are  functions  of 
boron  percentage.  The  units  of  pressure,  temperature,  and  burning  rate  are  MPa, 
K,  and  mm/s,  respectively.  In  this  work,  boron  loading  varied  from  0  to  20  percent, 
pressures  from  0.26  to  0.57  MPa,  temperatures  from  550  to  1080  K,  mass  flux  from 
337  to  965  kg/m2/s,  and  Mach  number  from  0.47  to  0.74,  with  an  initial  combustion 
chamber  step  height  of  1.27  cm.  The  correlation  determined  from  a  least-squares 
estimation  of  nonlinear  parameters26  is  shown  below. 


rb  =(0.06  +  0.03 B)p0-6{l-0~0  nB)  T0-28  G003 


(2) 
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Results  from  this  correlation  are  shown  in  Fig.  13,  where  the  fitted  power  law 
is  shown  on  the  horizonfal  axis,  and  the  observed  burning  rates  on  the  vertical 
axis.  The  diagonal  line  signifies  agreement  between  fitted  and  observed  burning 
rates.  The  data  correlates  reasonably  well  for  the  wide  range  of  pressures  and 
temperatures,  with  pressure  exhibiting  the  most  dominating  effect  on  the  burning 
rate.  This  equation  was  utilized  to  adjust  the  data  shown  in  Fig.  10,  such  that  the 
effects  of  pressure  and  boron  concentration  on  burning  rates  could  be  compared, 
without  regard  to  temperature  effects.  According  to  the  power-law  expression, 
addition  of  boron  to  an  HTPB  fuel  increases  the  burning  rate;  however,  relatively 
few'  data  are  available  for  boron  loadings  greater  than  10%,  and  care  must  be  taken 
before  extrapolating  this  equation  to  higher  boron  concentrations. 

Efforts  were  made  to  incorporate  the  effect  of  mass  flux  into  the  correlation, 
but  the  current  results  indicate  only  a  very  weak  effect  on  the  burning  rate,  with 
an  exponent  of  0.09  for  the  mass  flux  in  the  power-law  expression.  Since  mass  flux 
is  a  function  of  pressure,  temperature,  and  Mach  number,  and  no  direct  attempts 
were  made  to  keep  the  pressure  and  temperature  constant  while  changing  the  Mach 
number,  it  is  possible  that  the  major  effects  of  the  mass  flux  are  represented  in  the 
pressure  or  temperature  exponents.  Future  tests  should  incorporate  variations  in 
Mach  number  while  keeping  the  remaining  independent  variables  constant. 

3.2.2.  Supersonic  Results 

The  combustion  of  solid  fuels  under  supersonic  crossflows  was  also  achieved 
with  B/HTPB  (10/90)  end  B/HTPB  (0/100)  samples  at  a  Mach  number  of  1.5. 
The  first  test  was  conducted  with  B/HTPB  (0/100)  to  determine  the  effect  of  the 
step  height  on  flame  stabilization.  The  initial  step  height  was  1.27  cm  prior  to 
the  test.  Under  Mach  1.5  crossflow  with  a  frsestream  temperature  of  900  K  and 
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static  pressure  of  0.30  MPa,  the  fuel  sample  did  not  ignite  with  TEB  injection. 
To  achieve  ignition,  the  step  height  was  increased  to  1.9  cm  by  lowering  the  fuel. 
With  a  larger  flame  stabilization  region,  the  fuel  ignited  with  TEB  injection.  After 
ignition,  the  TEB  injection  was  turned  off  and  the  sample  burned  for  approximately 
seven  seconds.  No  further  attempts  to  ignite  the  fuel  sample  were  made  because 
the  fuel  sample  had  pyrolyzed  significantly. 

In  order  to  promote  ignition  of  the  B/HTPB  (10/90)  fuel  sample,  the  initial 
height  of  tn>*  rearward-facing  step  was  increased  to  1.91  cm  prior  to  the  succeeding 
test.  In  this  arrangement,  the  top  surface  of  the  fuel  was  directly  in  line  with  the 
exit  channel  of  the  combustion  chamber.  TEB  was  injected  onto  the  surface  of 
the  fuel  sample  in  order  to  achieve  ignition.  As  the  sample  regressed,  a  forward¬ 
facing  step  was  formed  at  the  rear  of  the  sample  with  the  exit  channel.  A  set  of 
instantaneous  surface  profiles  from  a  supersonic  crossflow  test  is  presented  in  Fig. 
14.  The  dashed  line  corresponds  to  the  surface  profile  taken  before  the  test,  while 
the  solid  lines  are  contours  taken  during  combustion  of  the  fuel.  The  first  profile 
is  taken  immediately  after  ignition  of  the  entire  fuel  sample  at  t=85  seconds.  This 
profile  indicates  a  significant  amount  of  pyrolysis  in  the  downstream  region  before 
ignition,  with  most  of  the  pyrolysis  occurring  10.5  to  12.0  cm  from  the  rearward- 
facing  step.  After  ignition,  the  average  burning  rate  of  the  sample  is  approximately 
0.49  mm/s.  Visual  observation  of  the  exit  plume  confirms  that  reactions  also  occur 
downstream  of  the  sample  in  the  supersonic  flow. 
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Figure  14.  Instantaneous  Surface  Profiles  of  B/HTPD  (10/90)  Solid  Fuel  under  Supersonic  Crossflow 
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Chapter  4 


THEORETICAL  FORMULATION 


The  physical  geometry  considered  in  the  analysis  is  shown  in  Fig.  15.  A  uniform 
supersonic  air  flow  enters  a  two-dimensional  chamber  in  which  a  solid  fuel  sample 
pyrolyzes  and  reacts  with  the  ram  air  in  the  gas  phase.  To  facilitate  formulation, 
the  gas  phase,  solid  fuel,  and  boron  particles  are  treated  separately.  The  gas  and 
solid  phases  are  linked  together  through  the  balance  of  mass  and  energy  fluxes  at 
their  interface.  In  order  to  achieve  steady-state  conditions  in  the  gas  phase  and  at 
the  fuel  boundary,  the  fuel  is  fed  at  a  rate  of  r&  equal  to  the  local  binning  rate, 
which  keeps  the  surface  of  the  burning  sample  stationary.  A  single  boron  particle 
is  then  ejected  from  the  fuel  surface  into  the  surrounding  gas,  and  tracked  through 
the  turbulent  flowfield  to  the  exit  of  the  chamber.  The  instantaneous  gas  properties 
surrounding  the  particle  are  incorporated  into  the  boron  particle  ignition  model,  but 
mass  and  energy  fluxes  from  the  particle  Eire  not  included  in  the  gas-phase  solution 
since  the  effect  of  eui  individual  particle  on  the  flowfield  is  minimal.  The  gaseous 
flowfield  is  therefore  decoupled  from  the  influence  of  the  particle.  This  assumption 
is  justified  for  two-phase  flowfields  with  high  void  fractions. 

The  single-particle  model  presented  here  is  a  first-step  approach  to  solving 
flowfields  above  solid  fuels  with  high  boron  loadings.  For  high  boron  mass  fractions, 
particle-pELrticle  interactions  as  well  as  gas-particle  coupling  must  be  considered. 
These  phenomena  would  be  added  to  the  current  model,  should  treatment  of  liigh 
loadings  be  necesseiry.  This  type  of  single-particle  trajectory  analysis  has  been 
performed  by  NatEin  and  Gamy27  in  a  low-speed  environment  with  Mach  numbers 
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Figure  15.  Physical  Geometry  of  Two-Dimensional  Comb’tstion  Chamber 
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less  than  0.1  and  particle  sizes  greater  than  25  microns  in  diameter.  The  work 
presented  here  considers  much  smaller  particle  sizes  on  the  order  of  5  microns  in 
a  high-velocity  environment  (M  >  0.8).  The  smaller  sizes  are  treated  since  these 
particles  have  a  higher  probability  of  being  consumed  efficiently  within  the  allowed 
residence  time  of  a  supersonic  or  highly  subsonic  combustor.  Because  of  the  small 
particle  size,  the  turbulence  effect  on  dispersion  of  the  panicle  trajectories  is  also 
included. 

In  the  following  formulation,  equations  governing  the  gas  phase  and  solid  fuel 
are  given  first.  Afterwards,  the  boron  particle  ignition  model  is  summarized  along 
with  the  particle-tracking  equations. 

4.1.  Gas  —  Phase  Analysis 


The  gas-phase  analysis  is  based  on  the  Favre- averaged  conservation  equations 
of  mass,  momentum,  energy,  and  species  transport  for  a  multicomponent  system  in 
Cartesian  coordinates.  They  can  be  written  conveniently  in  the  vector  form 


dQ  ,dE  dF  _  dEv  dFv 
dt  +  dx  +  dy  dx+dy'r 


(3) 
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for  i  =  1,2,. .  ,N-1,  witli  N  being  the  total  number  of  species  considered.  The 
diffusion  terms  in  Ev  and  Fv  are  defined  as 
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where  17,  and  V{  stand  for  the  diffusion  velocities  and  are  determined  by  Pick’s  law. 
The  effective  transport  properties  /ie/ /  and  A e/ /  contain  contributions  from  both 
the  laminar  and  turbulent  diffusion  processes.  Full  account  is  taken  of  the  variation 
of  specific  heat  with  temperature,  giving  the  static  enthalpy  of  each  species  as 


hi  = 


dT  +  k 


0 

f.i 


(9) 


where  h%  {  is  the  enthalpy  of  formation.  Consequently,  the  specific  total  internal 
energy  e  of  the  mixture  becomes 
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e  =  Yihi  -  —  +  £  (u2  +  v2) 
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(19) 
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Finally,  the  equation  of  state  determines  the  pressure  from  the  temperature,  density, 
and  species  mass  fractions. 
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The  binary  mass  difFusivity  is  determined  using  the  Chap'nan-Enskog  theory 
along  with  the  Lennard-Jones  intermolecular  potential-energy  functions.28  The  ef¬ 
fective  difFusivity  is  then  calculated  through  the  following  formula,29 


Dim 


1  -Xi 


ZjLiXj/Di, 


for  i  j, 


(12) 


where  Xi  is  the  molar  fraction  of  species  i. 

Thermodynamic  and  other  transport  properties  of  each  constituent  species  are 
evaluated  using  fourth-order  polynomials  of  temperature30  which  are  valid  for  the 
range  from  300  to  5000  K.  For  a  mixture,  specific  heat  is  determined  by  mass- 
concentration  weighing  of  each  species;  viscosity  and  thermal  conductivity  are  cal¬ 
culated  using  Wilke’s  mixing  rule.31 


4.2.  Solid  —  Fuel  Analysis 

If  we  ignore  the  bulk  motion,  subsurface  chemical  reaction,  and  axial  thermal 
diffusion,  the  equation  governing  the  condensed-phase  process  reduces  to  a  one- 
dimensional  heat  conduction  equation  for  each  axial  station.  Under  steady-state 
conditions,  this  equation  takes  the  form 


T,,r„)  +  (•“/,.)  =  0 


(13) 


subject  to  the  boundary  conditions 
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TS=T0  as  y  -*■  —  oo 

T,  =  Tau  at  y  =  0 


where  the  subscript  “s”  denotes  the  properties  of  the  solid  phase.  Since  the  ther¬ 
mophysical  properties  of  most  solid  fuels  axe  not  well  characterized  with  respect 
to  temperature,  these  properties  are  treated  as  constants.  For  HTPB-based  solid 
fuels,  the  condensed-phase  reactions  such  as  thermal  decomposition  usually  occur  in 
a  very  thin  layer  immediately  beneath  the  surface  (about  several  hundred  microns). 
This  effect  can  be  incorporated  in  the  gas-solid  interface  conditions  to  simplify  the 
analysis.  Integration  of  Eq.  (13)  yields  the  steady-state  temperature  distribution 
at  a  given  axial  iootion  in  the  solid  phase. 

T,=T0  +  (T„-T')exp(^^-y)  (14) 

Since  the  ejection  of  an  individual  boron  particle  is  addressed  in  this  work,  the 
effect  of  a  single  particle  on  the  global  thermophysical  properties  of  the  solid  fuel 
is  negligible.  In  the  event  that  a  high  loading  of  particles  is  treated,  then  fuel 
properties  should  be  modified  accordingly. 

4.3.  Boundary  Conditions 

The  heat  and  mass  transfer  processes  between  the  gas  and  condensed  phases  must 
be  matched  at  the  fuel  surface  to  provide  the  necessary  interface  conditions  for  both 
phases.  This  procedure  will  eventually  determine  the  temperature,  regression  rate, 
and  species  concentrations  at  the  surface.  The  analysis  is  simplified  by  neglecting  (a) 
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subsurface  species  diffusion;  (b)  kinetic  energy  of  escaping  gases;  and  (c)  Dufour 
effect.  With  some  straightforward  manipulation,  the  matching  conditions  are  as 
follows. 

Mass 


P.n  =/>,<>,  1+ 


(15) 


Species  Mass  Fraction 


=pgvgYi  |+ 
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Energy 


-A.f|_  +  ,.n(£-c„<ir+^)  = 

_Aj a?  +  +  p’]r;Yih' (*' ~  W  Sy) '+  ~ ,r“J  (17^ 

where  and  represent,  respectively,  the  conditions  immediately  above  and 
below  the  surface.  It  is  worth  mentioning  that  h;  contains  both  the  sensible  and 
chemical  enthalpies  of  the  gaseous  species.  The  difference  in  enthalpy  across  the 
interface  accounts  for  the  latent  heat  of  gasification  and  chemical  energy  release 
associated  with  the  thermal  decomposition  immediately  beneath  the  solid-fuel  sur¬ 
face.  The  pyrolysis  rate  of  solid  fuel  is  evaluated  using  a  zeroth-order  Arrhenius 
expression. 


(18) 
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where  Aa  is  the  pre-exponential  factor,  pa  the  fuel  density,  Ea  the  activation  energy, 
and  Tau  the  surface  temperature.  Radiant  heat  transfer  to  the  surface  due  to 
emission  from  the  gas  phase  is  calculated  using  a  Stefan-Boltzmann  relation  in 
terms  of  the  averaged  gas-phase  temperature.  The  total  gas  emissivity  is  estimated 
using  a  method  developed  by  Hottel32  and  is  a  function  of  the  species  mole  fractions, 
gas-phase  temperature,  pressure,  and  mean  beam  length.  The  incorporation  of  a 
boron  particle  into  the  gas/solid  interface  conditions  is  also  neglected,  since  only  an 
individual  particle  is  addressed  here. 

The  flow  at  the  upstream  boundary  is  supersonic,  with  pre-specified  tempera¬ 
ture,  pressure,  Mach  number,  and  species  mass  fraction.  The  inlet  velocity  profile  is 
assumed  to  be  uniform  in  the  y-direction,  and  has  no  vertical  velocity  component. 
Since  the  flow  at  the  downstream  boundary  is  also  supersonic,  except  in  the  region 
immediately  above  the  fuel  surface,  all  of  the  exit  conditions  are  extrapolated  from 
their  counterparts  within  the  combustion  chamber.  However,  in  the  event  that  the 
flow  at  the  exit  is  subsonic  (i.e.  due  to  shock  waves),  the  static  pressure  may  be 
specified  as  an  additional  boundary  condition.  The  upper  boundary  is  taken  to  be 
a  line  of  symmetry.  Therefore,  the  vertical  velocity  component  and  the  derivatives 
of  all  the  other  dependent  variables  across  the  boundary  cure  set  to  zero.  The  no-slip 
condition  is  employed  at  the  surface  of  the  fuel  sample. 

4.4.  Turbulence  Model 


The  Baldwin-Lomax  algebraic  model33  along  with  constant  turbulent  Prandtl 
and  Schmidt  numbers  (Prt=  Sct=  0.9)  are  chosen  to  achieve  the  turbulence  clo¬ 
sure  because  of  their  computational  efficiency  and  simplicity.  This  algebraic  model 
calculates  the  turbulent  eddy  viscosity,  using  the  Prandtl- Vaun  Driest  formulation 
and  the  local  vorticity  distribution  for  the  near-wall  and  outer  regions,  respectively. 
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Namely, 


_  f  (Mt)  inner  y  ycrossover 

\  (^l)  outer  y  ^  yc rossovei 

where  y  is  the  normal  distance  from  the  fuel  surface  and  ycrossover  is  the  minimum 
value  of  y  at  which  the  turbulent  viscosity  of  the  inner  and  outer  regions  axe  equal. 

Within  the  inner  region,  the  Prandtl-Van  Driest  formulation  gives 


0<)  inner  =  Pgl2\w\  (19) 

where  pg  is  the  gas  density,  |cj|  is  the  magnitude  of  the  vorticity,  l  is  the  turbulent 
length-scale  given  by 


/  =  Ky 


1  —  exp  I  —  — 


(- 


and  k  equals  0.4.  The  term  y+  is  the  non-dimensional  height 


+  PwU 

y  = - y 

Pw 


and  A+  is  the  damping  factor  corrected  for  blowing  at  the  surface: 


34 


A+  =  26.0  exp  (  -  5.9^) 


The  friction  velocity  u*  is  calculated  from  the  wall  shear  stress  and  gas  density: 
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For  the  outer  layer 


(/^t)  outer  —  PgKCcpF'v/a.kc  -FivLEB  ( J/) 


(20) 


where  K=0.0168,  Ccp  =  1.6  and 


F wake  —  Min  J  J/mar-F1 mazi  Cwk  Vmaz 


U 


dif 


in  which  uj,/  =  « /u*  +  u*  and  =  0.25. 

The  quantities  ymar  and  F^ar  are  determined  from 


F{y)=y  M 


where  ymaxis  the  value  of  y  where  Fis  a  maximum  in  the  profile.  The  Klebanoff 
intennittency  factor  in  Eq.  (20)  is  given  by: 


Fkleb  (y)  = 


yCjKLEB  \  6 

Vmaz  ) 


with  Ckleb~0  30. 


4.5.  Gas  -  Phase  Combustion  Model 


For  combustion  of  gaseous  hydrocarbon  fuels  with  oxygen,  Westbrook  and 
Dryer35  suggested  a  simplified  two-step  reaction  mechanism  that  reasonably  pre¬ 
dicts  reaction  rates  for  a  i&rge  number  of  hydrocarbons  over  a  wide  range  of  »quiv- 
alence  ratios  and  pressures. 


(21) 


_  __  tn  m\  _  m  ^ 

CnHm  +  y—  4-  —  J  O2  —*  nCO  +  —H^O 

CO  +  \o2  -  C02  (22) 

This  two-step  mechanism  is  adopted  without  the  reverse  reaction  of  Eq.(22)  since 
its  reaction  rate  is  slower  than  the  forward  reaction  by  six  orders  of  magnitude,  and 
in  light  of  the  short  residence  time  of  the  fiowfield,  it  has  little  effect  on  the  overall 
kinetics.  Equations  (21)  and  (22)  are  satisfactory  expressions  for  the  gas-phase  re¬ 
actions,  provided  the  flame  temperature  is  not  high  enough  to  promote  dissociation 
to  free  radical  species  such  as  H,  0,  and  OH.  For  flame  temperatures  above  3000 
K,  a  multi-step  mechanism  will  be  recommended  to  account  for  dissociation. 

Westbrook  and  Dryer35  consider  the  reaction  rate  of  a  hydrocarbon  to  be  of 
the  form 


*/.  =  Aj .  rap  C).  Co,  (23) 

where  C  is  the  molar  concentration  and  the  subscript  fu  represents  the  fuel.  The 
factors  a  and  b  are  dependent  on  the  type  of  fuel  species  considered.  The  CO 
reaction  rat?  s  is  similarly  expressed: 

kco  =  Aco  exp  ^  j  Cco  ChjO  ^coj  (24) 

The  production  rates  of  the  species  ari 

<5/.  =  -A 1<*A„  exp  q.  Ch0,  (25) 


an.. 
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wco  =  nMcoAf*  exp  Co, 

-McoAco  exp  (^-jpjr  J  CcoC^oCco,  (28) 

Similarly  the  rate  of  production  u>i  for  each  of  the  remaining  species  is  written: 

w0j  =  Mo7  [-  (|  +  j  j  kfu  -  ^co]  (27) 

d>Hso  =  A^HjO  (y^/«)  (28) 

d>co2  =  Afco,  ^co  (29) 

Nitrogen  is  also  considered  since  air  is  the  oxidizer;  however,  it  is  treated  inert  with 
its  production  rate  being  zero.  In  summary,  N-l  species  conservation  equations  and 
one  algebraic  expression  relating  these  species  to  nitrogen  sire  solved: 


N- 1 

yNi  = 1  -  E  ?i  w 

»=i 

In  this  study,  multiplicative  effects  between  chemical  kinetics  and  turbulence 
are  not  included.  This  is  justified  due  to  the  lack  of  experiment?'!  or  analytical 
information  in  the  area  of  supersonic  reacting  flows.  A  much  more  comprehensive 
treatment  is  required  to  fully  account  for  these  interactions 

4.6.  Boron  Particle  Analysis 


4.6.1.  Particle  Ignition  Model 

The  ignition  of  the  boron  particle  is  treated  according  to  the  model  of  King12 
with  the  most  recent  modifications.14,37  This  model  assumes  a  particle  radius  of 
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rp  with  an  initial  boron  oxide  layer  thickness  X  stirrounding  the  particle  (see  Fig. 
16).  Convective  and  radiative  heat  transfer  to  the  particle  begin  to  liquify  and 
evaporate  the  oxide  layer,  while  oxygen  and  water  vapor  diffuse  through  the  layer 
to  react  with  boron  and  raise  the  temperature  of  the  particle.  These  processes 
correspond  to  the  first  stage  of  particle  ignition  mentioned  previously.  Additional 
surface  reactions  of  water  vapor  with  the  oxide  layer  further  aid  in  the  removal  of  the 
oxide.  Provided  that  the  heat  transfer  to  the  particle  is  high  enough  to  promote  the 
complete  removed  of  oxide  and  the  melting  of  the  particle,  thermal  runaway  should 
occur.  If  the  surrounding  temperature  is  too  low,  or  if  the  oxygen  concentration 
is  not  high  enough  to  allow  sufficient  exothermic  reactions  with  boron,  the  particle 
will  not  ignite.  The  equations  for  the  rate  of  change  of  particle  radius  and  oxide 
thickness  based  on  the  processes  discussed  above  are  as  follows. 

drp  _  RqMb 
dt  pb 

where  R#  is  the  molar  consumption  rate  of  boron  per  unit  area  due  to  the  reaction 
with  O2. 


(31) 


dX  _  ~Rh  -  Re)  Mb3q3  2 ) 

dt  PBiOz 

Rtf  is  the  molar  removal  rate  of  B2O3  per  unit  area  due  to  reaction  with  H2O,  and 
Rtf  is  the  molar  evaporation  rate  of  B2O3  per  unit  area.  The  energy  equation  for 
the  particle  at  the  bulk  temperature  of  Tp  is  given  as 


dH 

dt 


4?rrp  (RBQt  ~  RHQ2  -  REQ3  +  h{T,~  T,)  +  (2?.r  -  T})  )  (33) 


Boron— Particle  Ignition  Model  (M.  King) 


Figure  16.  Boron  Particle  Ignition  Model  Processes  (after  King12) 


80 


where  Qi  is  the  heat  of  reaction  of  the  solid  or  liquid  boron  with  oxygen,  and  Q2 
is  the  endothermic  heat  of  reaction  of  water  vapor  with  boron  oxide  which  depends 
on  the  resulting  product  (either  HOBO  or  H3B3O6).  For  gas  temperatures  below 
1400  K,  the  product  is  solely  H3B3O6,  whereas  above  2000  K  the  result  is  HOBO; 
at  intermediate  temperatures  there  is  a  product  mix.  In  this  study,  HOBO  was 
used  as  the  reaction  product,  since  the  surrounding  temperatures  were  greater  than 
2000  K.  The  term  Q3  in  Eq.  (33)  represents  the  heat  of  vaporization  of  6203(1). 
An  additional  water  vapor  reaction  with  B(4)  and  B203(/) 

#2 O(g)  +  +  2^203 (t)  ^H3B303(|)  (34) 


may  be  included  in  the  ignitioD  model;  however,  this  reaction  does  not  affect  the 
ignition  times  in  mixed  O2/H2O  atmospheres14  and  is  therefore  neglected  here. 

The  convective  heat  transfer  coefficient  is  calculated  by  the  product  of  the 
Nusselt  number38  and  thermal  conductivity  of  the  gas  phase  divided  by  the  particle 
diameter,  where 


'  •  '-  *'  ••  •  .- 
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dH 

_ dt _ 

3*  r*pBCpB(l)  +  IxrjXpBiOzCpBiOi 


for  Tp  >  Tmeit 


dl 

dt 


dH 

dt _ 

\*rlpBQmtU 


for  Tp  —  Tmejt 


(38) 

(39) 


where  Tme/t  is  the  boron  melting  temperature  of  2450  K  and  Qmeu  is  the  heat  of 
fusion  of  boron. 


The  molar  rate  of  conversion  of  boron  to  boron  oxide  incorporates  several 
series  resistances:  the  diffusion  of  oxygen  through  the  surrounding  gas  to  the  outer 
surface  of  the  oxide  layer,  the  dissolving  of  oxygen  within  boron  oxide,  the  diffusion 
of  oxygen  across  the  molten  oxide  layer  to  the  B/B2O3  interface,  and  the  resulting 
kinetics  of  the  reaction  at  that  interface.  Details  of  the  origin  of  the  expression  for 
Rb  are  given  by  King14  and  the  resulting  equation  is  given  below. 


where 


h  =  3.89eip(-  ^5) 

/2=  7.0xl0-*eip(-^) 


4.68  x  10-4r,*JVu 
rpP 


(40) 

(41) 

(42) 

(43) 


The  following  units  are  used  in  Eqns.  (40-45):  Rb  (kg-roole/m2/sec),  p  (atm),  rp 
(m),  X  (m),  T  (K),  fi  and  f3  (kg-moie/m2/atm/sec),  and  £2  (kg-mole/m/atm/sec). 
The  evaporation  rate  of  B2O3  liquid  contains  two  series  resistances:  evaporation 
kinetics  and  the  diffusion  of  B2O3  gas  away  from  the  particle.  Derbation  of  the 
expression  for  Rb  can  be  found  in  King.12 


8xi09QW?(_i«) 


to.3  ( u 

1P  J 


(44) 
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The  rate  of  reaction  of  water  vapor  with  boron  oxide  to  produce  HOBO  was  given 
by  King37 


„  1.816  x  10s 

Rh  = - = - exp 


16900\ 

— j?HiO 


(45) 


where  Ph7o  is  the  partial  pressure  of  water  vapor. 

4.6.2.  Particle  Tracking 

To  track  the  particles  through  the  flowfield,  Lagrangian  equations  of  motion 
are  solved.  The  calculations  assume  that  the  particle  is  spherical,  and  the  effects 
of  static  pressure  gradients,  virtual  mass,  and  Basset  forces  (deviation  from  steady 
flow  pattern  around  the  sphere)  are  negligible.  The  resulting  momentum  equations 
consider  the  drag  force  on  the  sphere,  which  contains  both  the  skin  friction  and 
form  drag,  and  the  body  force  in  the  vertical  direction. 


(Ug  -  Up)  |U?  -  Up  | 


dup  _3  Cppg 
dt  8  rppp 

dvp  ZCopg  ,  s  ,  , 


(46) 

(47) 


The  drag  coefficients  are  approximated  as  follows.39 


/y  _  24  (,  .  X-4 

c°-RTi  (1  +  T^ 

CD  =0.44 


for  Re^  <  1000 
for  Re^  >  1000 


(48) 

(49) 


The  position  of  the  particle  is  determined  by  integrating  the  equations  below. 
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dx 

dt 

dy_ 

dt 


u. 


(50) 

(51) 


The  effect?  of  dispersion  on  the  particle  trajectories  should  also  be  considered,  since 
the  particles  are  small  and  their  paths  are  influenced  by  turbulent  fluctuations  in  the 
flowfield.  To  incorporate  these  effects,  the  Stochastic  Separated  Flow  (SSF)  model 
for  spray  combustion  is  utilized.40  The  SSF  model  involves  finding  the  trajectories  of 
a  statistically  significant  number  of  individual  particles  ejected  from  the  fuel  sample 
into  a  flowfield  containing  a  random  distribution  of  turbulent  eddies.  For  each  eddy, 
the  translational  velocity  of  the  bulk  motion  of  the  gas  phase  is  considered  uniform, 
but  this  property  changes  randomly  from  one  eddy  to  the  next.  Changes  in  particle 
trajectories  are  observed  by  substituting  the  instantaneous  velocities  of  the  eddies 
into  Eqs.  (46)  and  (47).  Specification  of  eddy  properties  and  the  interaction  time 
between  a  particle  and  eddy  are  therefore  crucial  elements  in  this  model,  and  they 
are  summarized  below. 


The  velocities  of  each  eddy  are  determined  at  the  start  of  the  particle-eddy 
interaction  by  random  sampling  from  the  probability  density  function  (PDF)  of  ve¬ 
locity.  The  velocities  in  the  axial,  vertical,  and  transverse  directions  axe  assumed  to 
have  normal  distributions,  with  mean  values  of  u,  u,  and  0,  respectively.  Velocity 
fluctuations  in  the  axial  direction  have  a  magnitude  of  u',  but  because  of  anisotropic 
behavior  near  the  wall,  the  magnitudes  of  fluctuations  in  the  vertical  and  transverse 
directions  are  only  fractions  of  n',45  For  simplicity,  they  are  approximated  through¬ 
out  the  boundary  layer  region  as 


(52) 


W/ 
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(53) 


The  instantaneous  velocities  of  the  eddies  in  the  x  and  y  directions  are  u  +  <ru'  and 
v  -feu',  respectively,  where  cr,  the  standard  deviation,  is  randomly  sampled  from  a 
standard  normal  distribution. 

The  values  for  u'  and  v'  cannot  be  obtained  from  the  algebraic  turbulence 
model.  To  solve  for  these  turbulent  fluctuations,  the  turbulent  kinetic  energy  and 
eddy  dissipation  rate  must  first  be  found  using  the  following  equations. 


U 


dk 

dx 


U 


de 

dx 


(54) 


(55) 


where  ci  and  02  are  constants  and  /2  is  a  function  to  modify  c2.  The  details  of 
the  formulation  and  solution  to  these  equations  are  given  in  the  thesis  by  Tseng.42 
Under  isotropic  conditions,  turbulent  fluctuations  are  equal  in  magnitude  in  all 
three  dimensions.  However,  the  conditions  imposed  here  by  Eqs.  (52-53)  result  in 
u'  =  (1.10  k)  *.  Equation  (52)  is  then  employed  to  obtain  v'. 

The  k-e  equations  described  above  are  utilized  expressly  for  determining  k, 
which  then  yields  v!  and  v'.  The  values  of  /it  obtained  from  Eqs.  (54)  and  (55)  are 
checked  with  the  algebraic  solution,  but  are  not  substituted  back  into  the  gas-phase 
analysis  since  the  algebraic  approach  is  acceptable  for  these  purposes. 

A  particle  interacts  with  an  eddy  for  a  duration  which  is  either  the  time  required 
for  the  particle  to  traverse  the  eddy  or  the  eddy  lifetime.  The  eddy  lifetime  can  be 
estimated  from  Shuen40  using 


(56) 


in  which  Le,  the  characteristic  size  of  an  eddy,  is  assumed  to  be  the  dissipation 
length  scale. 


U 


c\k\ 


(57) 


where  Cp  =  0.09.  The  time  required  for  the  particle  to  traverse  the  eddy  is  not 
directly  calculated;  however,  the  distance  the  particle  travels  within  the  eddy  is 
continuously  monitored  such  that  it  remains  less  than  the  eddy  size.  The  parti¬ 
cle/eddy  interaction  is  terminated  if  (1)  the  distance  the  particle  travels  within  the 
eddy  |  Ax|  is  greater  than  the  length  scale  of  the  eddy,  or  (2)  the  time  of  interaction 
(At)  is  greater  than  the  eddy  lifetime.  These  criteria  are  represented  as  follows. 


| Axj  >  Le  ,  At  >  te  (58) 

Upon  completion  of  the  interaction,  the  particle  then  enters  a  new  eddy  with  prop¬ 
erties  determined  from  another  random  sampling  of  the  PDF.  Mean  dispersion  rates 
of  the  particles  are  obtained  by  averaging  over  a  statistically  significant  number  of 
particle  trajectories. 
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Chapter  5 


NUMERICAL  METHOD 


The  theoretical  formulation  is  solved  using  a  numerical  scheme  based  on  the 
lower-upper  symmetric  successive  overrelaxation  (LU-SSOR)  technique.43’44  This 
scheme  solves  the  two-  or  three-dimensional  Navier-Stokes  equations  and  species 
transport  equations  by  means  of  the  finite  volume  approach.  It  has  proven  to  be 
very  robust  and  efficient  for  highly  reactive  systems  such  as  the  combustion  of 
hydrogen  and  oxygen.45  The  algorithm  was  validated  previously  for  mixing  and 
reacting  supersonic  flows  by  comparing  predicted  results  with  both  experimental 
results  and  other  numerical  calculations. 

The  advantage  of  the  LU-SSOR  technique  lies  in  the  manner  of  solving  the 
chemical  source  terms  implicitly  with  the  inviscid  fluxes.  Most  other  implicit 
schemes  require  the  inversion  of  block  banded  matrices  for  the  entire  set  of  equa¬ 
tions,  but  the  LU-SSOR  method  requires  only  a  scalar  diagonal  inversion  of  the  flow 
equations  and  a  diagonal  block  inversion  for  the  species  equations.  Consequently,  it 
has  an  operational  count  comparable  to  explicit  schemes  in  addition  to  a  fast  con¬ 
vergence  rate,  thereby  saving  a  considerable  amount  of  CPU  time.  Furthermore, 
the  scheme  can  also  be  fully  vectorized. 

To  improve  numerical  efficiency  and  accuracy,  the  governing  equations  in  Carte¬ 
sian  coordinates  are  transformed  to  the  generalized  coordinates 

£  =  £(x,y)  and  (59) 


The  transformation  is  chosen  so  that  the  grid  spacing  in  the  computational  domain 


is  uniform  and  of  unit  length,  i.e.,  A£  and  Ar;=l.  The  governing  equation  then 
takes  the  following  form, 
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dQ  dE  dF  £y  dEv  dFv 

aT  +  toi =  +  IT  +  &T 


(60) 


where  the  new  dependent  variables  Q,  E,  F,  etc.  are  the  transformed  vectors  in 
general  coordinates,  defined  as 


*  (*E  +  t,F 

E  — j — 

P=rk*L±l 


£,  izEv  +ZyFv 

E’  =  — 1 — 

r,  _  n*Ev  +  TjyFv 
rv - - 


and  J  is  the  Jacobian  of  the  coordinate  transformation 


J  -  ZzVy  ~  ZyVz 


The  inviscid  flux  and  source  vectors  are  treated  implicitly,  giving 

SQ  _  _dJl  dJl 

dt  df.  ■  dr)  d(  dr, 


(61) 


where  n+1  is  the  new  time  level,  and  n  is  the  present  time  level.  The  diffusion 
vectors  Ev  and  Fv  are  not  solved  implicitly  because  their  effect  on  the  convergence 
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rate  would  be  much  smaller  them  that  of  the  source  and  convective  terms,  and 
solving  them  implicitly  is  considerably  more  difficult  and  cumbersome. 

The  governing  equation  is  expressed  in  strongly  conservative  form  with  the 
primary  dependent  variable  Q.  Vectors  E,  F,  and  H  can  be  expressed  as  functions 
of  Q  using  a  truncated  Taylor  Series  expansion: 


En+1  =  £n  +  ^5^§At  +  ... 
dQ  dt 

pn-rl  =pn  +  dFdQAi  + 

dQ  dt 

fin+l  =  fin  +  <MdQA  ' 

dQ  dt 


where  At  is  the  time  increment.  The  terms  §£,  are  known  as  the  Jacobian 

oQ 

matrices  and  are  represented  by  A,  B,  and  D,  respectively.  Eliminating  terms  of 
the  second  and  higher  orders  gives: 


En+l  -  En  +A6Q 

(62) 

Fn+1  =  Fn  +  B6Q 

(63) 

Hn+1  =h*  +  d6Q 

(C4) 

Substituting  the  Eqs.  (62)  -  (64)  into  Eq.  (61)  yields 


I  -  D&t  +  A t 


in+1 


i  dE  dF  -  dE0  dFo 

w  dt,  dr) 


\ 


=  -A  tR 


(65) 


where  R  is  the  residual  and  I  is  the  identity  matrix.  The  Jacobians  A,  B,  and  D  are 
given  on  the  following  pages  with  the  term  7  being  the  ratio  of  specific  heats  given 
by 


39 


Equation  (66) 


II 


Equation  (67) 
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I! 

Q 


Equation  (68) 


_  _  E»= 1  Yi  Jrre/  cP,idT 

Eil  Jrre/ 

The  parELmeter  $  in  A  and  B  is 

*  =  (7-1)  [|  (fij  +  «|)  -*/.«] 

and  U  and  V  are  the  contravariant  velocities  where 


U  =  ixUg  +  iyvg 

and 

V  =  TJ.Ug  +  TJgVg 

In  Eq.  (68),  the  derivatives  of  the  source  terms  with  respect  to  the  independent 
variables  Eire  determined  in  the  following  manner: 


dull  ddjfu  _  d 
dqi  dpg  dpg 


-  M/uAfu  exp 


PgYo, 

Mo, 


b 


which  equals  zero,  since  pgYju  and  psYo,  are  treated  as  separate  independent 
variables.  Similarly,  no  other  source  terms  contain  pg  as  an  individual  independent 
variable,  and  all  other  are  set  to  zero.  Terms  in  the  second  and  third  columns 

dgi 

«T 

(|p  and  |p-)  are  taken  as  zero  because  they  are  usually  small,  although  they  can 
be  evaluated  by  the  chain  rule: 


dui  _  ( /5T\  /  de.  \ 

dpsu  ~  \  dr)  PiY.\  de  )  Pi  Piy.  \dpgu) 
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where  e  is  the  specific  internal  energy.  The  terms  of  are  aiso  determined  using 
a  chain  rule  formula: 


(Mi)  (dT\  (d£\ 

}  .0/ ,Pt Y>  \d^J  P„P,Y{  \dc)  p,,pt\i,p,Yi 


Finally,  the  most  dominant  terms  of  D  are  calculated  in  the  following  manner: 


dd>i  _  duj  fu 

dqs  ~  d(pgYfu) 


-MfuAfu  exp 


M,  „* 


PgYQ7 

Mo, ,  . 


6 


^  T  Q  T 

The  source  term  Jacobians  to  ^+1  are  so^ve<^  in  a  similar  fashion  using  Eqs. 
(25)  -  (29). 

At  this  point,  Eq.  (65)  can  be  solved  by  directly  inverting  the  large  block- 
banded  matrix  on  the  left-hand  side;  however,  this  would  be  inefficient  and  require 
a  great  computational  effort.  Instead,  many  researchers  have  opted  to  solve  this 
governing  equation  using  the  popular  alternating-direction  implicit  (ADI)  scheme, 
which  is  less  costly  but  still  requires  block-tridiagonal  or  pentadiagonal  matrix  in¬ 
versions.  A  third  alternative  is  the  lower-upper  (LU)  factored  implicit  scheme  de¬ 
veloped  by  Yoon  and  Jameson,43  which  is  described  here. 

In  this  method,  the  Jacobian  matrices  A  and  B  are  split  such  that  their  eigen¬ 
values  are  positive  for  the  A+  and  B+  matrices  and  negative  for  the  A”  and  B“ 
matrices.  There  axe  many  ways  in  which  this  splitting  can  be  accomplished.  One 
possibility  which  increases  the  diagonal  dominance  of  Eq.  (65)  is 


A->=\{A  +  vaI)  ,  -4-  =  i  (A -Kyi) 
B+~±(B+vsI)  ,  B~=1-(B-vbI) 


(69) 
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where  uA  is  greater  than  or  equal  to  the  maximum  eigenvalue  of  the  A  Jacobian 
matrix  (A^),  uA>max  (|A^|) .  Similarly,  up  is  chosen  such  that  i/£r>max(|Ajuj) . 
Equation  (70)  is  then  obtained  with  D J  and  D~  as  backward  difference  opera¬ 
tors  for  matrices  with  positive  eigenvalues  and  and  D+  as  forward  difference 
operators  for  matrices  with  non-positive  eigenvalues: 


[I  +  At  (d~A+  +  D+A-  +D;B*  ■ f  D+B~  - 1?)  ]  6Q  =  -At  R  (70) 
Adding  and  subtracting  like  terms  to  the  diagonal  on  the  LHS  gives 


+  At  [D?~A+  +  D(+A~  -h  Dr~B+  +  D,,+B-} 


This  equation  may  be  factorized  using  the  relations 


A+-A~  =  uaI ,  B+-B~  =  vbI,  C=  1  +  At  fe  +  ^1/ 

\A{,  A 

to  give 

C  +  A,  (D(-A+  +  D,-B+  -  g  -  g  -  d)  ]  .  C-. 

C  + At  (d^A~  +  D,+  B-  +  ~  +  6Q  =  -At  R  (72) 

Taking  the  limit  in  which  At—*co,  we  obtain 


At,  At? 


(VA-+a,+i»-  +  g  +  g)*0— * 


(73) 


which,  wifch  the  use  of  Eq.  (69),  may  be  written  in  two  steps  as  the  final  version  of 
the  governing  equation: 


DIAGij 


( .  h'JL\  r  n 

VS?  +  S?J  ‘  ”  D 


■»  «.J 


Equation  (74a)  is  solved  by  forward  marching  since  the  left-hand  side  is  lower 
hidiagonal,  then  Eq.  (74b)  is  solved  by  backward  marching  to  complete  one  itera¬ 
tion.  It  is  interesting  to  note  that  for  non- reacting  systems  the  source  Jacobian  D 
is  zero  which  reduces  DIAG  to  a  scalar,  and  the  solution  procedure  for  Eq.  (74a) 
requires  only  a  scalar  diagonal  inversion.  For  reacting  cases  such  as  this,  however, 
DIAG  is  a  non-zero  matrix,  and  a  block  diagonal  matrix  inversion  is  necessary'. 


The  inversion  method  for  Eq.  (74a)  can  be  simplified  to  some  extent  for  reacting 
cases,  because  only  the  lower  right  corner  of  D  is  non-zero.  Equation  (58)  shows 
that  the  first  four  flow  equations  do  not  contain  a  source  term  Jacobian  (i.e.  D  is 
zero  for  these  cases),  arid  a  scalar  diagonal  inversion  Is  applied.  The  remainder  of 
the  equations  contain  finite  values  in  D,  therefore  no  simplifications  are  made  in 
their  solution  and  a  block  diagonal  matrix  inversion  is  performed. 

After  the  solution  to  the  gas  phase  is  attained,  an  individual  boron  particle 
is  ejected  from  the  solid  fuel  into  the  high  temperature  ftowfield.  Local  values  of 
pressure,  temperature,  and  species  mass  fractions  are  used  for  the  conditions  sur¬ 
rounding  the  particle.  The  equations  governing  the  boron  particle  history  are  solved 
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by  a  fourth-order  Ruuge-Kutta  scheme.4*5  The  time  step  for  stable  convergence  of 
the  continuity  and  energy  equations  for  this  application  is  found  to  be  approximately 
0.01  milliseconds:  however,  the  time  scales  for  the  turbulent  eddies  are  much  smaller. 
For  this  reason,  the  eddy  lifetimes  are  first  determined,  then  one-fifth  of  te  is  uti¬ 
lized  as  the  time  step  for  the  calculation.  The  particle  trajectory  is  traced  to  the 
exit  of  the  chamber,  after  which  smother  particle  is  ejected  from  the  same  location 
as  the  first.  The  new  particle  is  also  traced  to  the  exit  of  the  combustion  chamber, 
but  due  to  the  randomness  of  the  turbulent  fluctuations,  the  trajectory  is  different. 
The  procedure  is  repeated  2000  times  to  achieve  a  statistically  significant,  number 
of  trajectories.  The  properties  of  the  particles  are  recorded  at  three  axial  stations, 
at  x  =  |LC,  |LC,  and  Lc,  where  Lc  is  the  length  of  the  combustion  chamber. 
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Chapter  6 


DISCUSSION  OF  NUMERIC  4L  RESULTS 


Calculations  were  performed  with  HTPB-based  solid  fuel  samples  located  along 
the  bottom  surface  of  a  2-D  chamber  with  an  inlet  height  of  3.175  cm  and  a  length  of 
35.24  cm,  as  shown  in  Fig.  15.  The  sample  spans  7.62  cm  along  the  lower  boundary 
of  the  chamber,  thus  allowing  space  for  chemical  reactions  downstream  of  the  fuel. 
HTPB  was  chc-sen  for  this  study  because  it  has  been  characterized  for  its  wide  use 
in  composite  propellants,47  and  it  is  an  energetic  binder  commonly  found  in  solid 
fuels.4"7 

The  inlet  conditions  to  the  combustion  chamber  were  obtained  from  the  high¬ 
speed  end  of  the  flight  envelope  for  a  solid-fueled  scramjet,  by  assuming  an  adiabatic 
deceleration  from  the  flight  Mach  number  to  the  combustor  Mach  number.  With 
real-gas  effects  taken  into  account,  a  flight  Mach  number  of  7.3  in  the  tropopause 
(T-—216.7  K)  is  required  to  attain  a  combustor  inlet  static  temperature  of  1400  K 
with  a  Mach  number  of  2.  Since  this  inlet  temperature  is  high  enough  to  promote 
ignition  and  flame  stability  above  the  fuel  sample,  it  was  chosen  as  a  baseline  con¬ 
dition.  A  static  pressure  of  1  atmosphere  was  also  utilized  at  the  inlet  since  some 
experimental  facilities  operated  at  this  condition;7  however,  the  appropriate  inlet 
pressure  base.-'  n  pressure  recovery  is  much  higher.  For  this  reason,  additional 
cases  were  calculated  with  higher  pressures  and  compared  with  the  baseline. 

To  facilitate  the  gas-phase  analysis,  it  is  assumed  that  butadiene  is  the 

only  product  released  from  the  fuel  surface.  This  simplification  is  justified  for  the  fol¬ 
lowing  reasons.  First,  butadiene  and  vmylcvclohexene  are  respectively  the  first-  and 
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second-most  abundant  pyrolysis  products  of  HTPB. 48,49  Since  the  monomer  and 
dimer  have  similar  molecular  structures  and  kinetic  parameters,  vinylcyclohexene 
can  be  adequately  represented  by  butadiene.  Second,  the  majority  of  hydrocarbons 
tabulated  in  Ref.  35  have  equai  activation  energies  and  only  a  slight  variation  in 
preexponential  factor.  Thus  the  consideration  of  additional  fuel  species  would  not 
alter  the  kinetic  behavior  of  the  gas  phase.  Finally,  in  the  limit  of  fast  kinetics  with 
respect  to  the  diffusion  process,  one  hydrocarbon  may  be  sufficient  to  represent 
the  fuel  species,  and  additional  hydrocarbons  would  not  change  the  fundamental 
characteristics  of  the  sample.  With  the  two-step  reaction  mechanism  of  Eqs.  (21) 
and  (22),  the  gas  phase  contains  six  species:  C\H$ ,  02>  CO,  H^O,  COi,  and  N*. 
The  kinetic  parameters  for  both  the  gas  and  solid  phases  are  summarized  in  Table 
2,  where  the  values  for  ethylene  are  adopted  for  Eq.  ('  3)  since  the  parameters  for 
butadiene  were  not  available  and  ethylene  and  butadiene  have  similar  molecular 
structures.  The  exponents  for  Eq.  (23)  are  0.1  ard  1.65  for  a  and  b,  respectively. 

Each  calculation  employed  a  120x80  grid.  The  numerical  grid  was  uniform  in 
the  horizontal  direction,  with  a  spacing  of  0.129  cm.  Since  many  important  physical 
processes  occur  in  the  region  immediately  above  the  sample  surface,  the  numerical 
grid  was  clustered  vertically  near  the  surface,  with  the  smallest  grid  measuring  45 
microns  in  height.  For  each  computation,  the  toted  mass  flowrate  of  the  ram  air 
and  pyrolyzed  fuel  was  conserved  to  within  0.1%  at  the  exit.  The  scheme  required 
approximately  40  n sec  of  CPU  time  per  iteration  per  grid  point  on  a  Cray  Y-MP 
machine. 

To  determine  the  influence  of  the  inlet  flow  distributions  on  the  burning  charac¬ 
teristics  of  the  solid  fuel,  calculations  were  performed  with  two  different  sets  of  inlet 
conditions.  Flow  properties  were  assumed  to  be  uniformly  distributed  at  the  inlet 
for  one  case,  and  an  inlet  velocity  profile  based  on  the  one-seventh  law  was  assumed 
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Table  2.  Kinetic  Parameters  for  Gas-Phase  Combustion  Model 


Activation  Pre-exponential 

Energy,  E  Factor,  A 


Gas-phase 
Eq.  (23) 


30  Mi- 

mole 


2.4xl012 


3  \-7i 


Gas-phase 

Eq.  (24)  40  S 


l.OxlO14-6 


dec 


Burning  rate 

Eq.  (28)  16.9  2990.  ^ 

4  '  '  molt  m* 


for  the  other.  Variation  in  the  solutions  were  found  to  be  minimal  in  the  resulting 
flow  structures  and  fuel  regression  rates.  Thus,  for  convenience  of  discussion,  only 
results  with  uniform  conditions  are  presented  herein. 

6.1.  Gas  —  Phase  Solution 


Figure  17  shows  the  contour  plots  for  Mach  number,  stagnation  temperature, 
and  static  pressure  for  the  baseline  case,  with  an  inlet  Mach  number  of  2,  an  inlet 
static  temperature  of  1400  K,  and  an  inlet  static  pressure  of  1  atmosphere.  The 
stagnation  temperature  contours  me  plotted  instead  of  the  static  temperatures  so 
that  heat  release  is  distinguishable  from  temperature  recovery  near  the  surface. 
Mach-number  contours  are  incremented  by  0.1,  temperature  contours  by  100  K, 
and  pressure  contours  by  0.02  atm.  These  figures  show  only  the  bottom  sixth  of  the 
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Figure  17.  Mach  Number,  Stagnation  Temperature,  Static  Pressure  Contours 
for  Baseline  Case;  Moo=2.0,  Too=1400  K,  Poo=l  atm 
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combustion  chamber  and  have  been  magnified  in  the  y-direction  by  a  factor  of  ten 
to  resolve  the  flow  structures  nearest  the  surface.  In  Fig.  17a,  a  weak  inlet  shock 
occurs  at  the  entrance  due  to  the  abrupt  deceleration  of  the  flow  at  the  surface 
to  satisfy  the  no-slip  condition.  This  deceleration  enhances  temperature  recovery 
and  heat  transfer  at  the  surface.  Immediately  downstream  of  the  entrance,  the 
temperature  plot  shows  a  series  of  closely  spaced  contours,  indicating  the  leading 
edge  of  the  flame  with  a  maximum  stagnation  temperature  of  2800  K.  The  heat 
released  by  chemical  reactions  causes  another  oblique  shock  wave  originating  from 
the  flame  zone,  which  is  evidenced  in  Fig.  17c.  This  wave  travels  upward  to  r,he 
line  of  symmetry  and  meets  a  similar  wave  coming  down  from  the  upper  half  of  the 
chamber.  The  right-running  wave  then  u  fleets  off  the  bottom  surface,  moves  upward 
again,  and  finally  exits  the  chamber.  These  reflected  waves  cause  the  fluctuating 
Mach-number  contours  shown  in  Fig.  17a.  As  the  flow  crosses  this  shock  structure, 
it  first  decelerates  by  passing  through  a  reflected  compression  wave,  then  accelerates 
through  an  expansion  caused  by  the  distributed  reaction  zone  near  the  surface. 

The  mass  fractions  of  butadiene  and  oxygen  are  presented  in  Fig.  18.  The  fuel 
species  are  generated  from  the  sample  surface,  then  diffuse  toward  the  freestream 
to  mix  and  bum  with  oxygen.  At  the  inlet  to  the  chamber,  the  oxygen  is  uniformly 
distributed  with  a  mass  fraction  of  0.23.  It  is  then  consumed  by  the  chemical  re¬ 
action  which  generates  a  maximum  stagnation  temperature  of  2800  K.  The  flame 
temperature  diminishes  downstream  because  of  heat  transfer  back  to  the  fuel  sam¬ 
ple  and  a  reduction  in  chemical  reactions  caused  by  an  oxygen  deficiency  at  the  fuel 
surface.  The  maximum  temperature  at  each  axial  station  occurs  in  a  region  where 
mass  fractions  of  oxygen  and  butadiene  are  near  stoichiometric.  The  temperature 
then  drops  off  from  this  region  due  to  fuel-rich  conditions  toward  the  surface  and 
oxygen-rich  conditions  toward  the  freestream.  The  vertical  location  of  maximum 
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Figure  18.  Species  Mass  Fractions  for  Baseline  Case; 
Moo=2.0,  =1400  K,  poo=l  atm 
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temperature  is  determined  by  the  rate  of  diffusion  and  blowing  of  pyrolyzed  fuel- 
rich  gases  into  the  crossflow.  Finally,  the  species  distributions  show  incomplete 
consumption  of  butadiene  at  the  exit  along  with  the  complete  consumption  of  oxy¬ 
gen  near  the  surface,  which  suggests  that  further  entrainment  of  oxygen  or  pethaps 
better  mixing  between  the  fuel  and  oxidizer  will  improve  combustion  efficiency. 

Figure  19  shows  the  burning  rate  of  HTPB  for  the  baseline  case.  At  the  inlet, 
the  leading  edge  of  the  fuel  sample  experiences  temperature  recovery  and  enhanced 
heat  transfer  due  to  the  abrupt  deceleration  of  the  flow;  the  result  is  a  burning 
rate  slightly  higher  than  succeeding  locations  along  the  sample.  Immediately  down¬ 
stream  of  the  inlet  is  a  large  peak  with  a  burning  rate  of  1.13  mm/sec  and  surface 
temperature  of  1060  K.  This  is  caused  by  the  intense  convective  and  radiative  heat 
feedback  from  the  flame  to  the  fuel  surface.  As  the  flame  temperature  decreases 
downstream,  the  heat  transfer  to  the  solid  boundary  is  reduced,  resulting  in  a  de¬ 
caying  profile  of  the  burning  rate. 

A  plot  of  surface  pressure  is  shown  in  Fig.  20.  The  first  two  peaks  in  this  curve 
axe  due  to  the  inlet  shock  and  burning  phenomenon  mentioned  previously.  After 
passing  the  second  peak,  the  pressure  abruptly  decreases,  then  increases  slowly  along 
the  length  of  the  fuel  sample  from  x  =  .020  to  x  =  .075  m.  The  slight  pressure  rise 
can  be  explained  qualitatively  by  comparing  this  situation  to  a  constant-area  tube 
with  supersonic  flow  and  heat  addition  (by  external  means  or  chemical  reaction),  in 
which  a  similar  pressure  increase  occurs  along  the  length  of  the  tube.  Finally,  the 
third  peak  in  the  curve  results  from  the  reflected  oblique  shock  wave  and  subsequent 
expansion  evident  in  Fig.  17c. 

In  order  to  study  the  effect  of  freestream  conditions  on  the  burning  charac¬ 
teristics  of  the  sample,  calculations  were  also  carried  out  with  different  pressures 
and  temperatures.  Figures  21a  and  21b  show  the  results  for  an  inlet  pressure  of 
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Figure  19.  Solid  Fuel  Burning  Rate  for  Baseline  Case; 
M«,=2.Q,  Too=14G9  K,  Poo=l  aim 
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Figure  20.  Surface  Pressure  for  Baseline  Case; 

Moo  =2.0,  To, =1400  K,  Poo=l  atna 
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five  atmospheres,  with  other  conditions  remaining  the  same  as  those  of  the  baseline 
case.  Compared  to  the  baseline  case,  the  flame  front  is  shifted  slightly  upstream 
with  a  shorter  stand-off  distance  from  the  fuel  surface.  Furthermore,  the  maximum 
flame  temperature  is  increased  by  350  K,  with  the  corresponding  increase  in  the 
stagnation  temperature  being  500  K.  The  shift  in  the  flame-front  location  and  the 
decrease  in  stand-off  distance  are  due  to  the  increasing  gas-phase  reaction  rates  with 
pressure,  whereas  the  rise  in  flame  temperature  can  be  attributed  to  the  fivefold 
increase  in  oxidizer  molar  concentration.  Because  more  oxygen  was  supplied  to  the 
combustion  chamber  for  reaction,  the  exit  temperature  near  the  surface  has  also 
increased  by  approximately  100  K.  In  addition  to  the  faster  kinetics,  the  burning 
rate  of  the  solid  fuel  has  increased  considerably  since  the  flame  is  at  a  higher  tem¬ 
perature  and  is  closer  to  the  boundary,  causing  the  radiative  and  convective  heat 
feedback  to  increase  significantly.  The  curve  shown  in  Fig.  22  has  a  peak  burning 
rate  of  1.55  mm/sec,  nearly  40%  higher  thaui  that  in  the  baseline  case. 

A  calculation  with  an  increased  inlet  static  temperature  of  1800  K  was  also 
performed.  Results  for  this  case  were  similar  to  the  previous  calculation  with  a 
higher  pressure,  in  which  the  flame-front  was  shifted  upstream  due  to  enhanced 
chemical  reaction  rates  at  elevated  pressure.  Compared  to  the  baseline  case,  the 
maximum  flame  temperature  increased  by  nearly  400  K,  corresponding  to  the  400 
K  rise  in  the  inlet  temperature.  On  the  average,  the  burning  rate  of  the  solid 
fuel  increased  by  15%  along  the  length  of  the  sample  because  of  the  higher  flame 
temperature  and  intensified  heat  transfer  from  the  flame  to  the  surface. 

Increased  inlet  temperature  and  pressure  have  been  shown  to  enhance  the  re¬ 
gression  rate  of  the  fuel  sample.  To  further  assess  the  effects  of  these  freestream 
variables  on  the  combustion  behavior  of  the  solid  fuel,  a  burning  rate  parameter 
was  established  for  comparison  of  cases.  This  parameter  is  formulated  so  that 
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Figure  22.  Solid  Fuel  Burning  Rate;  Moo=2.0,  T^HOO  K,  Pcc=5  atm 


its  value  remains  const  am,  Jong  the  length  of  the  sample,  starting  from  the  axial 
position  of  the  leaJmg  euge  oi  the  flame  to  the  downstream  end  of  the  fuel.  It  is 
evaluated  by  multiplying  the  burning  rate  of  the  sample  by  a  local  dimensionless 
parameter,  namely 
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where  xis  the  axial  distance  from  the  inlet,  Lf  ';hu  total  length  of  the  fuel  sample, 
and  r^x  the  local  solid-fuel  burning  rate.  The  exponent  of  |  was  chosen  to  minimize 
the  variation  in  rj  along  the  length  of  the  sample  as  show*,  j.n  Fig.  23.  The  burning 
rate  parameter  versus  pressure  was  also  plotted  for  two  different  inlet  temperatures, 
giving  the  result  in  Fig.  24.  The  burning  rate  increases  with  pressure  for  several 
reasons.  First,  the  molar  concentration  of  oxygen  in  the  freestream  increases  with 
inlet  pressure,  so  more  oxidizer  is  available  for  reaction  with  the  fuel-rich  region 
near  the  surface.  A  subsequent  rise  in  flame  temperature  intensifies  heat  transfer 
to  the  surface  and  increases  the  burning  rate.  Second,  the  gas-phase  reaction  rates 
are  proportional  to  the  1.75  power  of  pressure  and  have  a  profound  effect  on  flame 
thickness.  At  low  pressures,  kinetic  rates  are  relatively  slow  with  regard  to  the 
diffusion  and  mixing  processes  of  the  fuel  and  oxidizer,  so  the  two  species  may 
overlap  to  form  a  widely  distributed  reaction  zone.  However,  at  higher  pressures 
the  kinetic  rates  are  fast  enough  for  the  fuel  and  oxidizer  to  react  upon  contact, 
thereby  collapsing  the  reaction  zone  to  a,  thin  sheet  and  increasing  local  heat  of 
reaction,  flame  temperature,  and  subsequent  convective  heat  transfer  rates  tc  the 
fuel  surface.  Finally,  the  molecular  diffusion  rate  of  fuel  species  decreases  with  an 
increase  in  pressure,  thus  bringing  the  flame  closer  to  the  surface  and  increasing 
the  burning  rate  of  the  solid  fuel.  This  effect  may  only  be  secondary,  since  other 
processes  such  as  turbulence  and  blowing  also  govern  the  flame  stand-off  hejg 
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For  the  operating  range  of  1-4  atmospheres,  the  dependence  of  the  regression 
rate  on  ambient  pressure  and  temperature  can  be  expressed  by  an  empirical  power 
lav/. 
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The  ambient  temperature  appears  to  have  a  stronger  influence  on  the  burning  rate 
than  does  pressure;  this  corresponds  closely  to  results  obtained  under  subsonic 
crossflow  conditions  with  polyethylene  fuels.4  The  pressure  and  temperature  expo¬ 
nents  were  0.28  and  0.50,  respectively,  for  subsonic  crossflow  conditions.  Results 
under  supersonic  conditions  show  similar  freestream  effects;  however,  caution  must 
be  exercised  in  extrapolating  Eq.  (76)  to  other  cases  because  of  differences  in  oper¬ 
ating  range  and  fuel  composition. 

The  burning  rate  decreases  at  an  inlet  pressure  of  five  atmospheres  as  shown 
in  Fig.  24.  This  reversal  in  the  burning  rate  may  be  explained  as  follows.  As  the 
pressure  increases  from  four  to  five  atmospheres,  the  mass  flov*  of  air  also  increases, 
necessitating  an  increase  in  the  heat  released  by  combustion  to  raise  the  total  en¬ 
thalpy  of  the  product  gases.  Although  the  reaction  rate  is  enhanced  with  pressure, 
the  overall  heat  release  may  not  increase  accordingly  due  to  the  lack  of  additional 
fuel  in  the  reactions.  The  mixture  may  reach  a  considerably  fuel-lean  condition, 
and  cannot  supply  the  energy  necessary’  so  raise  the  enthalpy  of  the  flow.  Conse¬ 
quently,  a  decrease  in  heat  feedback  to  the  solid  fuel  occurs,  causing  a  reversal  of 
the  burning  rate  trend  with  pressure.  The  burning  rate  will  achieve  a  maximum 
value  at  some  threshold  pressure,  then  diminish  due  to  the  finite  energy  released  by 
combustion.  It  is  interesting  to  note  that  the  combustion  of  solid  propellants  does 
not  encounter  this  type  of  pressure  threshold  in  the  burning  rate.  The  burning  rates 
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are  proportional  to  certain  powers  of  pressure  throughout  a  wide  range  of  chamber 
pressures  because  the  oxidizer-to-fuel  ratio  is  fixed  within  the  propellant. 

6.2.  Boron  Particle  Ignition  Results 


Calculations  were  first  performed  with  boron  particles  in  stagnant  surround¬ 
ings  in  order  to  verify  the  operation  of  the  numerical  scheme,  and  to  determine  the 
approximate  particle  size  which  would  most  likely  result  in  ignition  within  the  con¬ 
fines  of  the  combustion  chamber.  Typical  results  of  such  a  calculation  are  shown 
in  Fig.  25,  where  the  particle  temperature  and  oxide-layer  thickness  are  plotted 
versus  time.  The  initial  particle  radius  is  2.5  microns  with  an  oxide  thickness  of 
0.03  microns,  and  initial  temperature  of  900  K.  The  ambient  temperature,  pressure, 
oxygen  mole  fraction  and  water  vapor  mole  fraction  are  2200  K,  2.5  atm,  0.21,  and 
0.0,  respectively.  Figure  25  shows  an  abrupt  increase  in  particle  temperature  within 
the  first  0.2  ms  due  to  conductive  heat  transfer  from  the  surroundings,  then  a  grad¬ 
ual  increase  when  the  particle  reaches  the  ambient  temperature.  While  the  particle 
temperature  rises,  the  oxide  layer  thickens  due  to  the  diffusion  of  oxygen  across 
the  oxide  layer  to  react  with  boron  at  the  B/B2O3  interface.  At  a  sufficiently  high 
particle  temperature  (at  t=0.18  ms),  the  evaporation  rate  of  boron  oxide  begins  to 
dominate  over  other  modes  of  B2O3  generation,  and  the  oxide  layer  becomes  thin¬ 
ner.  The  particle  temperature  continues  to  slowly  rise  due  to  the  self-heating  from 
the  interfacial  reactions  between  B  and  O2,  Eventually,  the  particle  temperature 
reaches  2450  K  at  t=0.45  ms  and  the  boron  particle  begins  to  melt.  After  melting, 
the  remaining  oxide  is  quickly  removed  and  thermal  runaway  occurs,  resulting  in 
full-fledged  ignition  of  the  particle  at  t=  0.66  ms.  The  change  in  the  particle  ra¬ 
dius  throughout  the  ignition  event  is  almost  negligible,  with  the  radius  at  thermal 
runaway  equal  to  2.45  microns. 
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Choices  in  the  initial  conditions  of  the  particle  may  have  some  bearing  on 
the  ignition  time  of  the  particle.  The  initial  temperature  of  900  K  was  based  on 
the  anticipated  temperature  of  the  particle  when  it  is  ejected  from  the  solid  fuel. 
A  slight  variation  in  this  initial  condition  should  have  negligible  effects,  because 
the  increase  in  particle  temperature  at  the  onset  is  very  steep.  The  initial  oxide 
thickness,  on  the  other  hand,  may  have  some  consequence  on  the  final  ignition  time 
of  the  particle.  According  to  previous  studies12  a  fivefold  increase  in  oxide  thickness 
from  0.02  -  0.10  microns  with  a  particle  radius  of  2.5  microns  results  in  a  50  percent 
increase  in  ignition  time.  The  value  of  0.03  microns  was  chosen  to  keep  the  mass 
fraction  of  oxide  below  5  percent  of  the  total  weight  of  the  particle.  This  value  was 
not  varied  in  the  remainder  of  the  numerical  cases  studied,  since  the  effect  of  the 
initial  oxide  thickness  is  already  known. 

Several  key  points  should  be  addressed  concerning  the  results  from  the  previ¬ 
ous  example,  keeping  in  mind  that  the  following  comments  refer  to  dry  oxidizing 
environments.  First,  the  rise  in  particle  temperature  from  the  initial  to  the  ambient 
temperature  is  predominantly  due  to  conductive  heat  transfer  from  the  surround¬ 
ings.  The  presence  of  oxygen  during  this  short  time  has  some  adverse  effect  on  the 
ignition  process,  since  the  oxygen  mostly  serves  to  thicken  the  oxide  layer,  thereby 
requiring  additional  time  to  eventually  evaporate  the  thickened  layer.  Second,  when 
the  particle  is  heated  to  the  ambient  temperature  in  the  neighborhood  of  2200  K, 
the  exothermic  reactions  between  boron  and  oxygen  are  responsible  for  generating 
heat  to  evaporate  the  oxide  layer,  melt  the  particle,  and  subsequently  cause  ther¬ 
mal  runaway.  These  processes  account  for  a  large  portion  of  the  ignition  time,  as 
evidenced  in  Fig.  25,  because  increases  in  particle  temperature  tire  slowed  by  heat 
losses  through  evaporation  and  conduction  to  the  surroundings  (for  Tp>Too)-  Fi¬ 
nally,  the  criterion  for  ignition  is  thermal  runaway.  Thermal  runaway  cannot  occur 
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before  the  oxide  layer  is  removed,  nor  cam  it  occur  before  the  particle  is  completely 
melted.  The  choice  of  a  high  temperature  (2600-3000  K)  to  terminate  the  calcu¬ 
lation  is  not  crucial,  since  the  temperature  increases  rapidly  during  this  stage.  In 
this  work,  the  particle  temperature  chosen  to  stop  the  ignition  calculations  after 
thermal  runaway  is  2600  K.  When  water  vapor  is  present  in  the  surrounding  gases, 
thermal  runaway  will  occur  sooner  due  to  the  increase  in  the  consumption  rate  of 
B2O3. 

In  order  to  achieve  ignition  of  boron  particles  in  the  flowfields  discussed  above, 
the  residence  times  of  the  particles  in  the  combustion  chamber  and  heat  transfer  to 
the  particles  must  be  sufficient.  Preliminary  calculations  with  the  inlet  conditions 
of  T=  1400  K,  p=l  atm,  and  M=  2.0  did  not  result  in  particle  ignition;  therefore, 
these  conditions  were  adjusted  such  that  they  would  ignite  the  particles. 

Figure  26  shows  the  contour  plots  for  Mach  number  and  static  temperature 
with  an  inlet  Mach  number  of  1.2,  a  static  temperature  of  2000  K,  and  static 
pressure  of  2.5  atmospheres.  Static  temperatures  are  plotted  in  this  figure  since 
these  values  give  a  better  indication  of  the  direction  of  heat-transfer  to  or  from  the 
particle.  Mach-number  contours  are  incremented  by  0.1  and  temperature  contours 
by  100  K.  These  figures  show  only  the  bottom  3  mm  of  the  combustion  chamber 
and  have  been  magnified  in  the  y-direction  by  a  factor  of  twenty  to  resolve  the  flow 
structures  nearest  the  surface.  Results  from  this  calculation  are  similar  to  those 
in  Fig.  17,  with  the  exception  of  the  inlet  shock,  which  reduces  the  freestream 
Mach  number  to  0.89  and  increases  the  static  temperature  and  pressure  to  2100  K 
and  3.4  atm,  respectively.  The  flame  region  has  a  maximum  temperature  of  3300 
K.  Although  this  temperature  is  high  enough  to  promote  dissociation,  the  high- 
temperature  region  is  very  small  and  it  is  unlikely  that  neglecting  dissociation  in 
this  region  would  significantly  affect  the  results  from  the  particle-phase  solution. 


a.  MACH  NUMBER  CONTOURS 


b.  TEMPERATURE  CONTOURS 
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Further  downstream  of  the  fuel  sample,  the  temperatures  are  in  the  neighborhood 
of  2300  K. 

The  mass  fractions  of  butadiene,  oxygen,  and  v/ater  vapor  are  presented  in 
Fig.  27.  This  figure  is  qualitatively  similar  to  Fig.  18,  and  is  provided  for  later 
discussions  concerning  the  particle  ignition  mechanism. 

The  conditions  for  the  baseline  case  of  a  boron  particle  ejected  from  the  fuel 
sample  are  as  follows.  The  initial  particle  radius  is  2.5  microns  with  an  oxide-layer 
thickness  of  0.03  microns  and  temperature  of  900  K.  The  particle  is  ejected  verti¬ 
cally  from  the  front  of  the  fuel  sample  with  a  velocity  of  0.3  m/s.  This  velocity  is 
approximately  one  half  of  the  velocity  of  the  pyroiyzing  gases.  Depending  on  the 
entrainment  and  the  size  of  the  particle  in  the  pyrolyzing  gas,  this  initial  velocity 
may  vary.  Typically,  smaller  particles  will  have  higher  ejection  velocities.  Further¬ 
more,  the  ejection  angle  of  the  particle  may  vary,  such  as  shown  by  Natan  and 
Gany.27  In  order  to  minimize  the  number  of  input  variables,  the  velocity  and  angle 
of  ejection  of  the  particles  are  not  varied.  The  particle  is  ejected  into  the  reacting 
flowfield  for  which  the  Mach  number  contours,  temperature  contours,  and  species 
mass  fractions  have  been  given  (Figs.  26  and  27).  The  ejection  process  is  repeated 
two  thousand  times  to  achieve  a  statistically  significant  number  of  trajectories. 

For  each  particle,  the  equations  for  the  rate  of  change  of  radius,  oxide-layer 
thickness,  and  temperature  are  solved  at  each  time  step.  The  particle  location  and 
velocity  at  each  time  step  are  also  determined.  In  some  cases,  the  particles  may 
hit  the  lower  wall  boundary  somewhere  downstream  of  the  ejection  station.  In  this 
instance,  the  particle  is  assumed  to  adhere  to  the  surface  and  the  calculation  is  ter¬ 
minated.  Particles  which  satisfy  the  ignition  criterion  of  thermal  runaway  continue 
to  be  traced  through  the  combustion  chamber  at  a  constant  particle  temperature  of 
2600  K.  This  assumes  that  the  particle  has  ignited  and  does  not  extinguish  during 
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Figure  27.  Species  Mass  Fractions;  Moo=1.2,  Too=2000  K,  poo=2.5  atm 
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its  remaining  time  within  the  combustion  chamber. 

The  distributions  of  the  particle  height  above  the  lower  wall  are  plotted  accord¬ 
ing  to  temperature  in  Fig.  28,  at  an  axial  location  of  x=  5  cm  ( jLc).  Of  the  2000 
ejected  particles,  1512  remain  in  the  flowfield  while  the  rest  have  hit  the  surface 
due  to  the  influence  of  random  turbulent  fluctuations  in  the  downward  direction. 
The  majority  of  the  remaining  particles  are  either  melting  or  have  already  ignited, 
as  shown  in  Fig.  28,  with  few  particles  at  temperatures  below  2450  K.  The  trajec¬ 
tories  associated  with  the  melting  and  ignition  of  the  particle  are  such  that  most 
trajectories  pass  through  the  high-temperature  region  at  the  front  of  the  sample 
shown  in  Fig.  26;  therefore,  these  particles  are  subject  to  a  very  high  convective 
heating  immediately  after  ejection.  Particles  whose  trajectories  are  closer  to  the 
surface  do  not  experience  such  a  high  temperature  increase  from  convection.  These 
lower  trajectories  are  within  0.6  mm  from  the  surface,  which  is  within  the  fuel-rich 
region  of  the  boundary  layer  (shown  in  Fig.  27).  Along  these  paths,  the  particles 
are  not  exposed  to  oxygen;  therefore,  the  possibility  of  their  ignition  is  slim.  Further 
downstream  at  x=|Lc,  the  number  distributions  are  more  broadly  spread  as  shown 
in  Fig.  29,  with  65%  of  the  particles  ignited.  All  particles  above  the  1.4  mm  loca¬ 
tion  have  ignited.  This  indicates  that  particles  ignite  if  they  are  able  to  penetrate 
the  gas-phase  flame  region,  since  their  temperatures  are  high  and  the  surroundings 
provide  sufficient  oxygen  for  ignition.  Results  also  show  that  at  the  exit,  77%  of  the 
particles  remaining  in  the  flowfield  have  Ignited.  The  average  horizontal  velocity  of 
these  particles  leaving  the  chamber  is  582  m/s,  indicating  that  these  particles  are 
almost  fully  entrained  into  the  flow  which  has  an  average  gas-phase  velocity  of  650 
m/s. 

In  order  to  determine  the  most  probable  location  for  ignition  of  the  particles, 
the  number  of  occurrences  of  ignition  were  recorded  according  to  the  spatial  location 
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within  the  flowfield.  Contours  of  the  number  of  occurrences  for  the  baseline  case 
are  plotted  in  Fig.  30a,  with  the  outermost  contour  line  representing  the  ignition 
of  at  least  one  particle,  and  each  succeeding  line  representing  an  additional  three 
occurrences  of  ignition.  The  lines  are  closely  spaced  within  the  region  between 
3.0  and  4.5  cm  from  the  inlet  and  0.7  to  0.9  mm  from  the  fuel  surface,  where  37 
percent  of  the  particles  ignited.  The  average  time  for  ignition  at  this  location  is  0.13 
ms.  When  compared  with  oxygen  mass  fractions  in  Fig.  27,  the  ignition  locations 
indicate  the  importance  of  O2 ,  since  the  particles  ignite  when  they  come  in  contact 
with  oxygen  after  passing  through  the  high-temperature  zone.  The  effect  of  water 
vapor  on  the  ignition  time  is  insignificant  in  this  case,  because  the  mass  fractions 
shown  in  Fig.  27  are  quite  small. 

The  effect  of  particle  size  on  the  ignition  time  and  location  was  investigated. 
Additional  cases  were  studied  with  smaller  particle  radii  of  1.5  and  1.0  microns, 
and  larger  radii  of  4.0  microns,  with  all  other  initial  conditions  remaining  the  same. 
For  both  of  the  smaller  particle  sizes,  the  ignition  locations  moved  upstream  oU 
1.75  cm,  as  shown  in  Fig.  30b  and  30c.  For  the  1.5  micron  particles,  56  %  of 
the  particles  ignited  by  the  time  they  reached  x=|Lc  and  78  %  by  the  time  they 
reached  the  exit.  The  likelihood  of  ignition  for  this  size  is  greater  in  comparison  to 
the  2.5  micron  particles  because  the  smaller  size  requires  less  energy  to  be  heated 
to  the  ignition  temperature.  The  approximate  ignition  time  for  these  particles  is 
0.06  ms.  For  even  smaller  particles  with  a  1.0  micron  radius,  the  ignition  time  is 
nearly  the  same.  This  occurs  since  the  particles  cannot  ignite  any  sooner  due  to  the 
lack  of  oxygen  near  the  surface.  Both  the  1.5  and  1.0  micron  particles  heat  up  and 
completely  remove  their  oxide  layers  within  the  fuel-rich  region  near  the  surface, 
then  ignite  when  they  come  in  contact  with  O2.  Although  the  ignition  times  and 
locations  are  the  same,  a  tremendous  decrease  in  the  number  of  ignited  particles  is 
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Figure  30.  Effect  of  Particle  Radius  on  Ignition  Locations; 
Moo=l-2,  T a,  =2000  K,  poo— 2.5  aim 
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noticed  for  the  particles  with  1.0  /zm  radius.  At  x=|Lc,  only  9%  have  ignited,  and 
at  the  exit  only  15%  have  experienced  thermal  runaway.  These  results  are  partly 
due  to  the  lower  inertia  of  the  smaller  particles,  which  allows  the  majority  of  them 
to  be  swept  downstream  before  reaching  the  high  temperature  region  above  the 
fuel  sample.  Another  cause  for  the  smaller  number  of  ignited  particles  is  convective 
heat  loss  of  the  unignited  particles  after  they  pass  into  the  oxidizing  region.  The 
surrounding  gas  temperature  is  in  the  neighborhood  of  2300  K,  which  should  be 
sufficient  to  ignite  the  particles;  however,  for  smaller  particles,  both  the  specific 
surface  area  and  the  convective  heat-transfer  coefficient  become  greater,  resulting 
in  a  more  dominating  effect  of  heat  loss  from  the  particle.  The  energy  supplied  by 
the  exothermic  reactions  may  not  be  sufficient  to  compensate  for  the  heat-loss  effect. 
Therefore,  in  some  instances  a  smaller  particle  size  would  not  benefit  the  ignition 
process.  If  the  surrounding  temperature  was  greater  than  the  ignition  temperature 
of  the  boron  particles,  then  the  convective  heat  losses  could  be  avoided  and  the 
ignition  times  would  be  shortened  for  the  smaller  particles. 

Larger  particles  with  radii  of  4.0  microns  ignited  much  further  downstream 
at  x=  8.75  cm  and  y=1.3  mm  as  shown  in  Fig.  30d.  The  ignition  time  at  this 
location  is  0.32  ms.  At  x=|Lc  no  particles  were  ignited,  and  at  the  exit  only  44  % 
were  ignited.  In  comparison  with  small  particles  (rp=  2.5  /xm),  less  dispersion  in 
the  trajectories  was  noticed  at  the  x=|Lc  and  x=|Lc  stations,  as  shown  in  Figs. 
31  and  32,  since  the  particles  were  heavier  and  not  able  to  follow  the  turbulent 
fluctuations  as  well  as  the  smaller  particles. 

Figure  33  summarizes  the  effect  of  particle  size  and  axial  location  on  the  ignition 
probability.  The  percent  of  ignited  particles  is  plotted  at  three  axial  stations  for 
the  four  different  particle  sizes.  For  particles  with  radii  equal  to  1.0  micron,  9 
percent  ignited  by  passing  through  the  flame  region,  and  only  6  percent  more  ignited 
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afterwards.  For  larger  particles  of  1.5  and  2.5  microns  in  radius,  dramatic  increases 
were  noticed  in  the  ignition  percentages.  The  particles  with  1.5  micron  radius 
ignited  in  the  upstream  regions  of  the  combustion  chamber,  whereas  the  slightly 
larger  particles  of  2.5  microns  required  more  time  to  ignite.  Nevertheless,  the  results 
at  the  exit  of  the  chamber  Eire  comparable.  A  total  of  78  percent  of  these  particles 
ignited.  For  even  larger  particles  of  4  micron  radius,  the  percentages  decreased 
because  of  the  increased  energy  and  time  required  co  ignite  the  particles. 

The  effect  of  ambient  conditions  on  the  ignition  of  the  boron  particles  was  also 
studied  and  compared  to  the  baseline  case.  The  gas-phase  equations  were  solved 
again  based  on  a  lower  inlet  temperature  of  1900  K,  with  the  Mach  number  and 
pressure  remaining  at  1.2  and  2.5  atm,  respectively.  Boron  particles  were  ejected 
in  the  same  manner  as  discussed  above,  with  2.5  micron  radius,  0.03  initial  oxide 
thickness,  and  900  K  initial  temperature.  The  new  freestream  conditions  resulted 
in  a  decrease  to  69%  in  the  number  of  ignited  particles,  with  a  slight  increase  of 
0.04  ms  in  the  ignition  time.  The  particles  most  frequently  ignited  at  the  station 
5.25  cm  from  the  front  edge  of  the  sample.  This  location  is  1.75  cm  downstream 
from  the  results  of  the  baseline  case  at  the  higher  inlet  temperature  of  2000  K.  The 
slower  ignition  response  is  primarily  due  to  increased  convective  heat  loss  caused  by 
the  100  K  cooler  surroundings  when  the  particle  temperature  rises  above  the  gas- 
phase  ter.  ♦  erature.  Results  from  this  calculation  are  plotted  in  Fig.  34,  where  a 
noticeab.  -.ecrease  in  the  percent  ignited  is  shown  in  comparison  with  the  baseline 
case.  Another  case  with  lower  freestream  pressure  of  1.5  atm  was  calculated,  with 
all  other  conditions  the  same  as  the  baseline.  Similar  effects  on  the  ignition  results 
are  evident.  The  poorer  performance  stems  from  the  decline  in  freestream  pressure 
which  decreases  the  oxygen  partial  pressure  and  the  flame  temperature,  resulting 
in  a  delayed  ignition  of  the  particle. 
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Results  discussed  in  this  work  show  that  the  minimization  of  ignition  time  can 
be  accomplished  by  optimizing  the  environmental  conditions  at  certain  periods  dur¬ 
ing  the  ignition  process.  King14  originally  suggested  such  a  scenario  which  involved 
the  initial  heatup  and  removal  of  the  oxide  layer  in  a  mixed  H2O/N2  atmosphere, 
then  exposure  to  an  O2/N2  environment  for  melting  and  complete  ignition.  In  this 
manner,  the  buildup  of  the  oxide  layer  during  the  heatup  process  (as  evidenced 
in  Fig.  25)  can  be  avoided,  and  ignition  can  occur  sooner.  A  similar  scenario  is 
presented  here.  With  the  initial  heatup  occurring  in  the  fuel-rich  mixture  below 
the  reaction  zone,  boron  particles  avoid  oxide  layer  build-up  as  they  are  ejected 
into  the  reacting  boundary  layer.  Since  the  particles  do  not  ignite  or  bum  within 
the  fuel-rich  layer,  the  near-surface  region  heats  the  particle  and  removes  the  oxide 
layer,  so  that  the  particles  achieve  thermal  runaway  immediately  upon  contact  with 
the  oxidizer.  When  this  occurs,  the  ignition  delay  time  is  governed  by  the  residence 
time  required  for  the  particles  to  travel  from  the  sample  surface  to  the  region  where 
sufficient  oxidizers  exist.  Otherwise,  if  the  oxide  layer  is  not  completely  removed 
before  the  particle  contacts  oxygen,  ignition  delay  time  will  be  prolonged,  thereby 
reducing  the  chances  for  achieving  a  high  combu'.iion  efficiency. 
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Chapter  7 


SUMMARY  AND  CONCLUSIONS 


The  combustion  behavior  of  HTPB-based  solid  fuels  with  various  percentages 
of  boron  loading  were  studied  on  an  experimental  basis  under  both  subsonic  and 
supersonic  crossflows,  using  a  connected-pipe  facility.  A  non-intrusive  real-time  x- 
rav  radiography  system  was  used  to  obtain  instantaneous  surface  profiles  of  the  solid 
fuels.  New  findings  in  the  area  of  solid-fuel  ignition  and  combustion  are  summarized 
below. 

Visual  observation  of  the  ignition  sequence  of  boron-loaded  fuels  under  high- 
temperature  crossflows  revealed  the  presence  of  glowing  boron  particles  in  the  early 
stages  of  particle  ignition  on  the  fuel  surface.  These  localized  hot  spots  served  as 
the  ignition  source  for  the  solid-fuel  sample.  The  ignition  sequence  for  B/HTPB 
(0/100)  fuels  was  different  from  that  of  boron-laden  fuels,  since  only  pyrolyzed 
HTPB  fuel  was  involved  in  the  ignition  process.  Ignition  of  pyrolysis  products  of 
HTPB  began  in  the  recirculation  zone;  however,  the  required  inlet  temperatures 
were  much  higher.  The  addition  of  boron  particles  to  the  solid  fuels  resulted  in  a 
reduced  minimum  ambient  temperature  required  for  ignition  of  the  solid  fuels. 

The  subsonic  crossflow  tests  revealed  that  regression  rates  were  highly  depen¬ 
dent  on  freestream  static  pressures,  and  less  dependent  on  the  temperature  and  mass 
flux.  Two  mechanisms  are  attributed  to  enhanced  burning  rates  at  higher  pressures: 
(1)  faster  gas-phase  kinetics  which  lead  to  higher  gas-phase  temperatures  and  in¬ 
creased  heat  feedback  to  the  fuel  surface,  and  (2)  increased  oxidizer-to-fuel  ratio 
which  allows  additional  reactions  of  oxidizers  with  fuel-rich  pyrolysis  products  and 
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ejected  boron  particles.  The  addition  of  small  percentages  of  boron  (up  to  10  per¬ 
cent  by  weight)  significantly  enhanced  the  ignition  and  combustion  characteristics 
of  the  sample  and  increased  the  regression  rates.  The  increase  in  the  regression  rate 
is  believed  to  be  caused  by  the  increase  in  convective  and  radiative  heat  transfer 
from  the  reacting  particles  to  the  fuel  surface,  as  well  as  the  increased  radiation 
absorptivity  of  the  fuel  surface.  A  burning-rate  correlation  was  also  obtained  in 
terms  of  pressure,  temperature,  and  boron  concentration. 

Combustion  of  solid  fuels  under  supersonic  crossflows  was,  for  the  first  time, 
successfully  demonstrated.  For  these  tests,  it  was  necessary  to  increase  the  size  of 
the  recirculating  region  to  promote  ignition  and  flame  stabilization  of  the  solid  fuel 
sample. 

The  combustion  of  HTPB  solid  fuel  samples  under  supersonic  crossflow  was 
also  studied  using  a  comprehensive  numerical  analysis.  The  formulation  was  based 
on  the  full  two-dimensional  Navier-Stokes  equations  with  finite-rate  chemistry  and 
variable  properties.  The  Baldwin-Lomax  algebraic  model  was  employed  for  turbu¬ 
lence  closure.  The  governing  equations  were  solved  numerically  using  a  flux-vector 
splitting  LU-SSOR  technique  that  treated  source  terms  implicitly.  Results  showed 
a  distinct  flame  region  above  the  fuel  sample.  Inlet  conditions  were  varied  for  sev¬ 
eral  cases  to  determine  the  effect  of  pressure  and  temperature  on  the  combustion 
behavior.  For  the  operating  range  considered,  results  indicated  that  both  pressure 
and  temperature  had  a  strong  influence  on  the  solid-fuel  burning  rate,  and  that  the 
burning  rate  increased  with  pressure  at  low  inlet  pressures  from  1-4  atmospheres. 
At  a  higher  pressure,  the  energy  released  by  combustion  was  not  sufficient  to  fur¬ 
ther  raise  the  temperature  of  the  crossflow.  This  resulted  in  a  decrease  in  heat 
feedback  to  the  fuel  sample,  causing,  in  turn,  a  reversal  of  the  burning-rate  trend 
with  pressure.  This  finding  is  a  departure  from  the  conventional  understanding  in 
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solid-propellant  studies  that  burning  rates  always  increase  with  pressure. 

The  ignition  processes  of  boron  particles  above  a  burning  solid  fuel  were  also 
modeled.  The  effects  of  particle  size  on  the  ignition  times  and  locations  of  the  parti¬ 
cles  were  determined.  Under  certain  operating  conditions,  an  optimum  particle  size 
was  attained  for  minimizing  ignition  delay  times.  The  study  also  showed  that  the 
solid-fuel  ramjet  (SFRJ)  provides  a  suitable  environment  for  reducing  ignition  delay 
times  of  small  particles  by  staging  their  ignition  process.  In.  this  manner,  ignition 
occurs  in  a  very  short  time  period,  allowing  ample  time  for  complete  combustion  of 
the  particle.  Previous  studies  of  boron-particle  ignition  in  solid-fuel  ramjet  systems 
concluded  that  the  ramjet  environment  cannot  provide  suitable  conditions  for  both 
ignition  and  combustion  of  the  particles.  This  study  reveals  that  it  is  possible  for 
particles  to  ignite  and  bum  in  SFRJ’s,  provided  the  particles  sizes  are  kept  small 
(below  10  pm). 
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ABSTRACT 

The  ignition  processes  of  boron  particles  above  a  burning  solid  fuel  have  been  studied 
by  numerical  solution  of  a  comprehensive  theoretical  model  The  gas-phase  formu¬ 
lation  is  based  on  the  time-dependent  multi-dimensional  compressible  Navier-Stokes 
equations  and  species  transport  equations.  The  particle-phase  solution  is  obtained 
using  a  well-established  boron  particle  ignition  model.  Boron  particles  are  ejected 
from  the  surface  of  the  burning  fuel  into  a  high-velocity  crossflow  and  their  trajec¬ 
tories  are  traced  through  the  reacting  flowfiefd  using  a  Stochastic  Separated  Flow 
approach.  The  effects  of  particle  size  on  their  ignition  time  and  location  are  de¬ 
termined.  Results  indicate  that  small  particles  {d  <  3pm)  ignite  as  soon  as  they 
pass  through  the  gas-phase  reaction  zone  and  come  in  contact  with  oxygen.  Larger 
particles  ignite  further  downstream,  since  they  require  more  energy  to  remove  their 
oxide  layers  and  achieve  thermal  runaway.  The  effects  of  ambient  conditions  on  the 
ignition  times  are  also  investigated.  The  study  shows  that  minimization  of  ignition 
time  can  be  accomplished  by  optimizing  the  environmental  conditions  during  the 
ignition  process. 


1.  INTRODUCTION 


The  high  volumetric  energy  density  of  boron  makes  it  an  attractive  candidate  as  a 
solid-fuel  component  for  volume-limited  propulsion  systems.  For  effective  utiliza¬ 
tion,  boron  particles  must  ignite  and  completely  burn  within  the  allowed  residence 
time  of  a  combustion  chamber.  However,  since  inhibitive  boron-oxide  layers  usu¬ 
ally  surround  these  particles,  ignition  and  subsequent  combustion  are  often  delayed, 
thereby  hindering  the  performance  of  boron-laden  fuels.  Unless  the  operating  envi¬ 
ronment  is  suited  toward  minimising  the  ignition  and  combustion  times,  or  manufac¬ 
turing  techniques  are  developed  to  minimize  the  particle  size  and  oxide  layer-effect, 
boron-containing  fuels  cannot  perform  at  the  desired  levels. 

To  understand  some  of  the  difficulties  associated  with  the  combustion  of  boron  par¬ 
ticles,  the  ignition  and  burning  processes  of  individual  boron  particles  have  been 
studied  both  experimentally  and  theoretically.  Macck  (1969)  determined  the  burn¬ 
ing  times  of  crystalline  boron  particles  with  average  diameters  of  35  and  44  microns 
in  a  hot,  oxidizing  gas  stream  at  atmospheric  pressure.  The  combustion  of  boron 
particles  was  observed  to  occur  in  two  successive  stages,  the  first  being  an  ignition 


stage  during  which  the  boron  oxide  layer  is  consumed  from  the  surface.  Ignition  was 
then  followed  by  a  combustion  stage  in  which  the  boron  particle  burned  vigorously 
with  ambient  oxidizer.  Burning  times  were  found  to  decrease  with  increases  in  in¬ 
coming  gets  temperature  and  mole  fraction  of  oxygen  in  the  gas.  Addition  of  water 
vapor  to  the  surrounding  gas  was  shown  to  decrease  the  burning  times  dramatically. 
Further  works  by  Macek  (1971,  1972)  provided  a  substantial  aata  base  for  particle 
sizes  of  37  to  125  microns  in  diameter,  in  pressures  from  0.17  to  35.0  atm  with  a 
range  of  oxygen  mole  fractions  from  0.1  to  1.0.  For  higher  values  of  the  diameter 
\d),  pressure  (p)  and  oxygen  mole  fraction  (A©,),  the  burning  times  were  found  to 
be  inversely  proportion^  to  Xo, ,  directly  proportional  to  cP  and  independent  of  p. 
The  burning  times  deviated  from  these  scaling  laws  at  low  values  of  d,  p,  and  Xoi  • 

Results  from  these  studies  were  compared  with  the  predictions  of  an  ignition  model 
by  King  (1972),  which  described  the  ignition  event  in  terms  of  the  physical  and 
chemical  processes  involved  in  removing  the  oxide  layer  from  the  surface  of  the 
particle.  Ignition  times  decreased  with  increasing  initial  particle  temperature  for 
large  particles  with  radii  greater  than  10  microns.  Decreasing  the  oxygen  partial 
pressure  increased  the  minimum  ambient  temperature  required  for  ignition  and  the 
total  ignition  time  of  the  particles.  Further  refinements  of  this  numerical  model 
proposed  by  King  (1974,  1982a,  1982b,  1989)  attempted  to  fully  describe  the  fun¬ 
damental  heat  and  mass  transfer  processes  surrounding  the  particle,  including  the 
effects  of  radiation,  oxide-layer  thickness,  water  vapor  and  oxygen  mole  fractions  in 
the  ambient  gas.  Comparison  of  model  predictions  with  the  data  of  Macek  (1969) 
were  quite  reasonable.  The  ignition  model  was  then  linked  with  a  combustion  model 
(King,  1983)  for  clean  boron  particles  under  kinetic-  or  diffusion-limited  conditions, 
thereby  resulting  in  a  unified  model  for  boron  particles.  The  combustion  stage 
is  diffusion-controlled  for  1  Jge  particles  and  kinetics-controlled  for  small  particles, 
with  transition  in  ice  -•«'  >n  from  15-30  microns  in  diameter,  depending  on  the 
ambient  pressure. 

Mohan  and  Williams  (''*72)  also  studied  the  ignition  and  combustion  of  laser-ignited 
boron  particles  in  the  100  micron  diameter  range.  A  diffusion-controlled  droplet 
burning  equation  was  applied  to  the  combustion  stage  and  agreement  was  attained 
between  theory  and  experiment.  However,  the  application  or  this  model  is  limited 
to  high-temperature 

(T  >  2300  K),  dry  environments  in  which  the  particle  diameters  are  greater  than 
approximately  40  microns  and  the  burning  is  diffusion-controlled. 

Because  of  the  important  role  which  boron  oxide  (B2O3)  plays  in  the  ignition  pro¬ 
cess,  the  gasification  process  of  B2O3  drops  was  studied  in  wet  and  dry  oxidizing 
environments  (Turns  et  al.,  198,5).  Drops  with  1000  micron  diameters  were  exam¬ 
ined  under  freestream  gas  temperatures  from  1500-1975  K  at  atmospheric  pressure. 
Large  variations  in  ambient  oxygen  concentration  produced  little  or  no  effect  in  the 
droplet  lifetimes,  whereas  the  presence  of  water  vapor  in  the  ambient  gas  signifi¬ 
cantly  increased  the  gasification  rate  of  the  particles.  A  diffusion-limited  equilibrium 
model  provided  agreement  between  oxide  drop-life  histories  and  experimental  data 
for  particles  with  temperatures  greater  than  1350  K. 

Recent  experimental  studies  in  boron-based  solid  fuel  combustion  have  focused  on 
the  effect  of  boron  loading  on  regression  rate  and  combustion  efficiency.  Snyder  et 
al.  (1990)  studied  the  effects  of  boron  percentage  on  the  burning  rates  of  hydroxyl 
terminated  polybutadiene  (HTPB)  so  Lid  fuels  by  adding  small  fractions  of  boron 
powders  to  enhance  the  ignition  and  combustion  characteristics  of  the  fuel  samples. 
Regression  rates  were  found  to  increase  with  boron  addition  up  to  10  percent,  but 
further  addition  of  boron  caused  the  fuel  regression  rates  to  decrease.  Pein  and 
Vinnemeier  (1989)  noted  similar  effects' on  specific  thrust  at  a  boron  loading  of 
20  percent.  Specific  thrust  increased  with  boron  leading  to  20  percent;  however 


further  addition  of  boron  hampered  combustion,  efficiency  and  decreased  specific 
thrust.  This  decrease  in  may  be  attributed  to  (1)  the  heat-sink  effect  associated  with 
unignited  boron  particles  in  the  gas  phase  which  reduced  the  gas-phase  temperature, 
(2)  shielding  of  heat  feedback  to  the  surface  by  a  large  number  of  boron  particles 
above  the  surface,  (3)  reduced  pyrolysis  caused  by  the  accumulation  of  unreacted 
boron  particles  on  the  surface,  and  (4)  decreased  gas-phase  reactions  due  to  the 
smellier  percentage  of  HTPB  contained  in  the  sample. 

Jarymowycz  et  al.  (1990b)  also  studied  the  effect  of  boron  on  the  ignition  and 
combustion  behavior  of  solid  fuels  under  high-velocity  crossflows.  The  addition  of 
boron  decreased  the  minimum  freestream  temperature  required  for  ignition,  since 
reacting  particles  on  the  sample  surface  acted  as  a  local  heat  source  for  igniting  the 
fuel  sample.  The  dependence  of  regression  rate  on  temperature  also  increased  with 
boron  addition  due  to  the  enhanced  radiative  and  convective  heat  feedback  from 
the  particle-phase  reactions  at  elevated  temperatures. 

To  better  understand  some  of  the  complex  two-phase  phenomena  occurring  above 
a  reacting  boron-laden  solid  fuel,  a  numerical  study  was  conducted  to  determine 
the  ignition  behavior  of  individual  boron  particles  in  a  ramjet  environment.  The 
approach  presented  herein  should  furnish  a  more  realistic  indication  of  the  varying 
conditions  surrounding  a  particle  as  it  travels  through  a  turbulent  reacting  flowfield 
into  an  oxidizing  core  region.  The  specific  objectives  of  this  study  are: 

1.  to  study  the  ignition  process  of  individual  boron  particles  ejected  from  a  reacting 
solid  fuel  under  a  high-velocity  crossflow, 

2.  to  determine  the  effect  of  particle  size  on  the  ignition  time  and  location  of  the 
particles, 

3.  to  investigate  the  effects  of  freestream  parameters,  including  pressure  and  tem¬ 
perature  on  the  ignitability  of  the  boron  particle,  and 

4.  to  investigate  the  possibility  of  an  optimum  particle  size  for  minimizing  the 
ignition  delay  time. 

This  type  of  particle  trajectory  analysis  has  been  performed  by  Natan  and  Gany 
(1987)  in  a  low-speed  environment  with  Mach  numbers  less  than  0.1  and  particle 
sizes  greater  than  25  microns  in  diameter.  This  work  considers  much  smaller  particle 
sizes  on  the  order  of  5  microns  in  a  high-velocity  environment  (M  >  0.8).  Because  of 
the  small  particle  size,  the  turbulence  effect  on  dispersion  of  the  particle  trajectories 
is  also  included. 

2.  THEORETICAL  FORMULATION 

The  physical  geometry  considered  in  the  analysis  is  shown  in  Fig.  1.  A  uniform 
supersonic  air  flow  enters  a  two-dimensional  chamber  in  which  a  solid-fuel  sample 
pyrolyzes  and  reacts  with  the  ram  air  in  the  gas  phase.  To  facilitate  formulation, 
the  gas  phare,  solid  fuel,  and  boron  particles  are  treated  separately.  The  gas  and 
solid  phases  are  linked  together  through  tho  balance  of  mass  and  energy  fluxes  at 
their  interface.  In  order  to  achieve  steady-state  conditions  in  the  gas  phase  and  at 
the  fuel  boundary,  the  fuel  is  fed  at  a  rate  of  r>  equal  to  the  local  burning  rate, 
which  keeps  the  surface  of  the  burning  sample  stationary.  A  single  boron  particle 
is  then  ejected  from  the  fuel  surface  into  the  surrounding  gat,  and  tracked  through 
the  turbulent  flowfield  to  the  exit  of  the  chamber.  The  instantaneous  gas  properties 
surrounding  the  particle  are  incorporated  into  the  boron  particle  ignition  model,  but 
mass  and  energy  fluxes  from  the  particle  are  not  inc!  ded  in  the  gas-phase  solution 
since  the  effect  of  an  individual  particle  on  the  flowfield  is  minimal.  The  gaseous 
flowfield  is  therefore  decoupled  from  the  influence  of  the  particle.  This  assumption 
is  justified  for  two-phase  flowfieids  with  high  void  fractions 
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FIGURE  1.  Physical  Geometry  of  Two-Dimensional  Combustion  Chamber 


Ja  the  following  formulation,  equations  governing  the  gas  phase  and  solid  fuel  are 
given  first.  Afterwards,  the  boron  particle  ignition  model  is  summarized  along  with 
the  particle-tracking  equations. 

2.1  Gas-Phase  Analysis 

The  gas-phase  analysis  is  based  on  the  Phvre- averaged  conservation  equations  of 
mass,  momentum,  energy,  and  species  transport  for  a  multicomponent  system  in 
Cartesian  coordinates.  They  can  be  written  conveniently  in  the  vector  form 
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for  i  =  1,2,. ..N-l,  with  N  being  the  total  number  of  species  considered.  The 
diffusion  terms  in  Ev  and  Fv  are  defined  as 
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where  17, •  and  Vj  stand  for  the  diffusion  velocities  and  are  determined  by  Fick’s  law. 
The  effective  transport  properties  /re/ /  and  contain  contributions  from  both 
the  laminar  and  turbulent  diffusion  processes.  Full  account  is  taken  of  the  variation 
of  specific  heat  with  temperature,  giving  the  static  enthalpy  as 


hi 
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where  hfa  is  the  enthalpy  of  formation.  Consequently,  the  specific  total  internal 
energy  e  becomes 


e  =  +  ;(u!+v!)  (8) 
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Finally,  the  equation  of  state  determines  the  pressure  from  the  temperature,  density, 
and  species  mass  fractions. 
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The  binary  mass  diffusivity,  D,-y,  is  determined  using  the  Chapman-Enskog  theory 
along  with  the  Lcnnard-Jones  intermolecular  potential-energy  functions  (Sherwood 
et  ah,  1375).  The  effective  diffusivity  is  then  calculated  through  the  following 
formula  (Williams,  1985). 

Dim  =  — fl1  ~y\n  (10) 

Lija j  Xjl&ij 


where  X{  is  the  molar  fraction  of  species  i. 

Thermodynamic  and  other  transport  properties  of  each  constituent  species  are  eval¬ 
uated  using  fourth-order  polynomials  of  temperature  (McBride  and  Gordon,  1967) 
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which  are  valid  for  the  range  from  300  to  5000  K.  For  a  mixture,  specific  heat  is 
determined  by  mass-concentration  weighing  of  each  species;  viscosity  and  thermal 
conductivity  are  calculated  using  Wilke’s  mixing  rule  (Reid  et  al.,  1S87). 

2.2  Solid-Fuel  Analysis 


If  we  ignore  the  bulk  motion,  subsurface  chemical  reaction,  and  axial  thermal  dif¬ 
fusion,  the  equation  governing  the  solid-fuel  sample  reduces  to  a  <5ne-dimensional 
heat  conduction  equation  for  each  axial  station.  Under  steady-state  conditions,  this 
equation  takes  the  form 


subject  to  the  boundary  conditions 

T,  —  T0  as  y  -»  -oo 

T,  =  Ttur  at  y  =  0 

where  the  subscript  us”  denotes  the  properties  of  the  solid  phase.  Since  the  ther¬ 
mophysical  properties  of  most  solid  fuels  are  not  well  characterized  with  respect 
to  temperature,  these  properties  are  treated  as  constants.  For  solid  fuels,  the 
condensed-phase  reactions  such  as  thermal  decomposition  usually  occur  in  a  very 
thin  layer  immediately  beneath  the  surface  (about  several  hundred  microns).  This 
effect  can  be  incorporated  in  the  gas-solid  interface  conditions  to  simplify  the  anal¬ 
ysis.  Integration  of  Eq.  (11)  yields  the  steady-state  temperature  distribution  at  a 
given  axial  location  in  the  solid  phase. 


T,  —  T0  +  (Ttur 


(12) 


Since  the  ejection  of  an  individual  boron  particle  is  addressed  in  this  work,  the  effect 
of  a  single  particle  on  the  properties  of  the  solid  fuel  is  negligible.  In  the  event  that 
a  high  loading  of  particles  is  treated  in  a  future  study,  then  fuel  properties  should 
be  modified  accordingly. 

2.3  Boundary  Conditions 

The  heat  and  mass  transfer  processes  between  the  gas  and  condensed  phases  must 
be  matched  at  the  fuel  surface  to  provide  the  necessary  interface  conditions  for  both 
phases.  This  procedure  will  eventually  determine  the  temperature,  regression  rate, 
and  species  concentrations  at  the  surface.  With  some  straightforward  manipulation, 
the  matching  conditions  are  as  follows. 

Mass 
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where  “+”  and  represent,  respectively,  the  conditions  immediately  above  and 
below  the  surface.  It  is  worth  mentioning  that  hi  contains  both  the  sensible  and 
chemical  enthalpies  of  the  gaseous  species.  The  difference  in  enthalpy  across  the 
interface  accounts  for  the  latent  heat  of  gasification  and  chemical  energy  release 
associated  with  the  thermal  decomposition  immediately  beneath  the  solid-fuel  sur¬ 
face.  The  pyrolysis  rate  of  solid  fuel  is  evaluated  using  a  zeroth- order  Arrhenius 
expression. 


where  A,  is  the  pre-exponential  factor,  p,  the  fuel  density,  Em  the  activation  energy, 
and  T,.r  the  surface  temperature.  Radiant  heat  transfer  to  the  surface  due  to 
emission  from  the  gas  phase  is  calculated  using  a  Stefan- Boltzmann  relation  in  terms 
of  the  averaged  gas-phase  temperature.  The  total  gas  emissivity  is  estimated  using 
a  method  developed  by  Hottel  finer  opera  and  Dewitt,  1985),  and  is  a  function  of 
the  species  mole  fractions,  gas-phase  temperature,  pressure,  and  mean  bes-m  length. 
Again,  since  only  an  individual  particle  is  addressed  here,  the  incorporation  of  a 
boron  particle  into  the  gas/solid  interface  conditions  is  neglected. 

The  flow  at  the  upstream  boundary  is  supersonic,  with  pre-spccified  temperature, 
pressure,  Mach  number,  and  species  mass  fraction.  The  inlet  velocity  profile  is  as¬ 
sumed  to  be  uniform  in  the  y- direction,  and  has  no  vertical  velocity  component. 
Since  the  flow  at  the  downstream  boundary  is  also  supersonic,  all  of  the  exit  con¬ 
dition*  are  extrapolated  from  their  counterparts  within  the  combustion  chamber. 
However,  in  the  event  that  the  flow  at  the  exit  is  subsonic  (i.e.  due  to  shock  waves), 
the  static  pressure  may  be  specified  as  an  additional  boundary  condition.  The  upper 
boundary  is  taken  to  be  a  line  of  symmetry.  Therefore,  the  vertical  velocity  compo¬ 
nent  and  the  derivatives  of  all  the  other  dependent  variables  across  the  boundary 
are  set  to  zero.  The  no-slip  condition  is  employed  at  the  surface  of  the  fuel  sample. 

2.4  Turbulence  Model 

The  Balawin-Iomax  algebraic  model  (Baldwin  et  al.,  1978)  along  with  constant 
turbulent  Prand‘1  and  Schmidt  numbers  (Prj—  Sc,=  0.9)  are  chosen  to  achieve  the 
turbulence  closure  because  of  their  computational  efficiency  and  simplicity.  This  al¬ 
gebraic  model  calculates  the  turbulent  eddy  viscosity,  using  the  Prandtl-Vaa  Driest 


formulation  and  the  local  vorticity  distribution  for  the  near-wall  and  outer  regions, 
respectively. 

2.5  Gas- Phase  Combustion  Model 

For  combustion  of  gaseous  hydrocarbon  fuels  with  oxygen,  Westbrook  and  Dryer 
(1981)  suggested  a  simplified  two-step  reaction  mechanism  that  reasonably  predicts 
reaction  rates  for  a  large  number  of  hydrocarbons  over  a  wide  range  of  equivalence 
ratios  and  pressures. 

C„Hm  +  Q  +  jj  02  -4  nCO  +  ~H30  (17) 

CO  +  l-02  w*  C02  (18) 

mt 

This  two-step  mechanism  is  adopted  without  the  reverse  reaction  of  Eq.(18)  since 
its  reaction  rate  is  slower  than  the  forward  reaction  by  six  orders  of  magnitude,  and 
in  light  of  the  short  residence  time  of  the  fiowfield,  it  has  little  effect  on  the  overall 
kinetics.  Equations  (17)  and  (18)  are  satisfactory  expressions  for  the  gas-phase  re¬ 
actions,  provided  the  flame  temperature  is  not  high  enough  to  promote  dissociation 
to  free  radical  species  such  as  H,  0,  and  OH.  For  flame  temperatures  above  3000 
K,  a  multi-step  mechanism  will  be  recommended  to  account  for  dissociation. 

The  production  rates  of  the  species  are 

«/.  =  exp  C%  CkQj  (19) 

and 

uco  =  nMcoAfu  exp  cj*  co, 

-McoAco  exp  Cco  4,0  4,  (20) 

where  the  subscript  fu  represents  the  fuel  species,  and  the  factors  a  and  b  are 
dependent  on  the  type  of  fuel  species  considered.  The  source  term  for  each  of  the 
remaining  species  is  similarly  determined.  Nitrogen  is  also  considered  since  air  is 
the  oxidizer;  however,  it  is  treated  as  inert  with  a  production  rate  of  zero.  In 
summary,  N-l  species  conservation  equations  and  one  algebraic  expression  relating 
these  species  to  nitrogen  are  solved. 

In  this  study,  multiplicative  effects  between  chemical  kinetics  and  turbulence  are  not 
included.  Thi3  is  justified  due  to  the  lack  of  experimental  or  analytical  information 
in  the  area  of  supersonic  reacting  flows.  A  much  more  comprehensive  treatment  is 
required  to  fully  account  for  these  interactions. 


2.6  Boron  Particle  Analysis 

The  ignition  of  the  boron  particle  is  treated  according  to  the  model  of  King  (1982a) 
with  the  most  recent  modifications  (King,  1982b,  1989).  This  model  assumes  a 
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FIGURE  2.  Boron  Particle  Ignition  Model  Processes 

particle  radius  of  tf  with  an  initial  boron  oxide  layer  thickness  X  stirrounding  the 
particle  (see  Fig.  2).  Convective  and  radiative  heat  transfer  to  the  particle  begin  to 
liquify  and  evaporate  the  oxide  layer,  while  oxygen  and  water  vapor  diffuse  through 
the  layer  to  react  with  boron  and  raise  the  temperature  of  the  particle.  Additional 
surface  reactions  of  water  vapor  with  the  oxide  layer  further  aid  in  the  removal  of  the 
oxide.  Provided  that  the  heat  transfer  to  the  particle  is  high  enough  to  promote  the 
complete  removal  of  oxide  and  the  melting  of  the  particle,  thermal  runaway  should 
occur.  If  the  surrounding  temperature  is  too  low,  or  if  the  oxygen  concentration 
is  not  high  enough  to  allow  sufficient  exothermic  reactions  with  boron,  the  particle 
will  not  ignite.  The  equations  for  the  rate  of  change  of  particle  radius  and  oxide 
thickness  based  on  the  processes  discussed  above  are  as  follows. 

£  — (21) 

at  pb 

where  Rs  is  the  molar  consumption  rate  of  boron  per  unit  area  due  to  the  reaction 
with  O2.  » 


dX  {^-Rh-Re)^, 

&  pBtO* 


Rtf  is  the  molar  removal  rate  of  B2O3  per  unit  area  due  to  reaction  with  HjO,  and 
Rg  is  the  molar  evaporation  rate  of  B2O3  per  unit  area.  The  energy  equation  for 
the  particle  at  the  bulk  temperature  of  T,  is  given  as 

~  =  4 *r\  (RbQi  -RhQ7-  RbQj  +h(Tt  —  Tp)  +  «s  (2?mi  -  T$)  )  (23) 

where  Qi  is  the  heat  of  reaction  of  the  solid  or  liquid  boron  with  oxygen,  and  Qj  is 
the  endothermic  heat  of  reaction  of  water  vapor  with  boron  oxide  which  depends  on 
the  resulting  product  (either  HOBO  or  HsBsOe).  For  gas  temperatures  below  1400 
K,  the  product  is  solely  H3B3OC  whereas  above  2000  K  the  result  is  HOBO;  at 
intermediate  temperatures  there  is  a  product  mix.  In  this  study,  HOBO  was  used 


as  the  reaction  product,  since  the  surrounding  temperatures  were  greater  than  2000 
K.  Q3  in  Eq.  (23)  represents  the  heat  of  vaporization  of  B^03(/).  An  additional 
water  vapor  reaction  with  B(,)  and  Bj03(/) 

Hi 0{3)  +  +  \b202(1)  -v  -H-jB303(t)  (24) 


may  be  included  in  the  ignition  model;  however,  this  reaction  does  not  affect  the  ig¬ 
nition  times  in  mixed  O2/K2O  atmospheres  (King,  1982b)  and  is  therefore  neglected 
here. 

The  convective  heat-transfer  coefficient  is  calculated  by  the  product  of  the  Nusselt 
number  (obtained  from  Bird  et  al.,  I960)  and  thermal  conductivity  of  the  ga-.  phase 
divided  by  the  particle  diameter,  where 

Nxi  =  2.0  +  0.60.ReJ  (25) 

and  Red=  ^ (26) 

P 

Equations  describing  the  rate  of  change  of  the  particle  bulk  temperature  and  the 
fraction  of  boron  melted  are  given  below. 


dTt= _ f _ 

dt  §xr*pBcfB(t)  +  4xr*XpBi0tcpB3o9 


for  Tp  <  Tmeit 


dt  5irrJ/>Bc?B(0  +  4irrjXpBt0ic,B30, 

At  iH 

-L  ~3T 

dt  $*r*pBQmtlt 


for  Tp  >  Tmeit 


for  Tp  —  Tmelt 


where  Tm«u  is  the  boron  melting  temperature  of  2450  K  and  Qm«jt  is  the  heat  of 
fusion  of  boron. 

The  molar  rate  of  conversion  of  boron  to  *>oron  oxide  incorporates  several  series 
resistances:  the  diffusion  of  oxygen  through  the  surrounding  gas  to  the  outer  surface 
of  the  oxide  layer,  the  dissolving  of  oxygen  within  boron  oxide,  the  diffusion  of 
oxygen  across  the  molten  oxide  layer  to  the  B/B2O3  interface,  and  the  resulting 
kinetics  of  the  reaction  at  that  interface.  Details  of  the  origin  of  the  expression  for 
Rb  are  given  by  King  (1982b)  and  the  resulting  equation  is  given  below. 

R*  =~irhrT  (29> 

where  /1  =  3.89  exp  ^  (30) 

/a*  7.0xl0-8e*p(-^)  (31) 

.  4.68x10 -*t}Nu 

J3  = - 

r?P 


(32) 
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The  following  units  are  used  in  Eqns.  (29-34):  R 3  (kg-mole /m2 / sec) ,  p  (atm),  ~r 
(m),  X  (m),  T  (K),  fi  and  f».  (kg-mole/m2/atm/sec),  and  fj  (kg-mole/m/atm/sec). 
The  evaporation  rate  of  BjOj  liquid  contains  two  series  resistances:  evaporation 
kinetics  and  the  diffusion  of  BjOj  gas  away  from  the  particle.  Derivation  of  the 
expression  for  Rg  can  be  found  in  lung  (1974). 

8xl0#aexp(-!f!o) 

■  <33) 


The  rate  of  reaction  of  water  vapor  with  boron  oxide  to  produce  HOBO  was  updated 
by  King  (1989). 


_  1.816  x  105 

R«  - - jr - 


x  10s  f  16900  \ 


where  p#,o  is  the  partial  pressure  of  water  vapor. 

To  track  the  particles  through  the  flowfield,  Lagrangian  equations  of  motion  are 
solved.  The  calculations  assume  that  the  particle  is  spherical,  and  the  effects  of 
static  pressure  gradients,  virtual  mass,  ana  Basset  forces  (deviation  from  steady 
flow  pattern  around  the  sphere)  are  negligible.  The  resulting  momentum  equations 
consider  the  drag  force  on  the  sphere,  which  contains  both  the  skin  friction  and 
form  drag,  and  the  body  force  in  the  vertical  direction. 

(35) 


dt  8  rppp 
dvp  ZCppg 


dt  Srppp 


(vj-uf)  \v,  -v,|  +g 


The  drag  coefficients  are  approximated  as  follows  (Kuo,  1986). 


„2L(i+5sh 

6  ) 


for  Re,j  <  1000 


CD  =0.44 


for  Re,*  >  1000 


The  position  of  the  particle  is  determined  by  integrating  the  equations  below. 


dt  Up 


The  effects  of  dispersion  on  the  particle  trajectories  should  also  be  considered,  since 
the  particles  are  small  and  their  paths  are  influenced  by  turbulent  fluctuations  in 


the  flowfield.  To  incorporate  these  effects,  the  Stochastic  Separated  Flow  (SSF) 
model  for  spray  combustion  is  utilized  (Shuen,  1984).  The  SSF  model  involves 
finding  the  trajectories  of  a  statistically  significant  number  of  individual  particles 
ejected  from  the  fuel  sample  into  a  flowfield  containing  a  random  distribution  of 
turbulent  eddies.  For  each  eddy,  the  translational  velocity  of  the  bulk  motion  of 
the  gas  phase  is  considered  uniform,  but  this  property  changes  randomly  from  one 
eddy  to  the  next.  Changes  in  particle  trajectories  are  observed  by  substituting  the 
instantaneous  velocities  of  the  eddies  into  Eqs.  (35)  and  (36).  Specification  of  eddy 
properties  and  the  interaction  time  between  a  particle  and  eady  are  therefore  crucial 
elements  in  this  model,  and  they  are  summarized  below. 

The  velocities  of  each  eddy  are  determined  at  the  start  of  the  particle-eddy  interac¬ 
tion  by  random  sampling  from  the  probability  density  function  (PDF)  of  velocity. 
The  velocities  in  the  axial,  vertical,  and  transverse  directions  are  assumed  to  have 
normal  distributions,  with  mean  values  of  5,  v,  and  0,  respectively.  Velocity  fluc¬ 
tuations  in  the  axial  direction  have  a  magnitude  of  u',  but  because  of  anisotropic 
behavior  near  the  wall,  the  magnitudes  of  fluctuations  in  the  vertical  and  transverse 
directions  are  only  fractions  of  u'(Hinzc,  1975).  For  simplicity,  they  are  approxi¬ 
mated  throughout  the  boundary  layer  region  as 


(41) 

,  3  , 
w  =  -u  . 

4 

(42) 

The  instantaneous  velocities  of  the  eddies  in  the  x  and  y  directions  are  u  +  an' 
and  v  +  av',  respectively,  where  a  is  randomly  sampled  from  a  standard  normal 
distribution. 

The  values  for  v!  and  v’  cannot  be  obtained  from  the  algebraic  turbulence  model. 
To  solve  for  these  turbulent  fluctuations,  the  turbulent  kinetic  energy  and  eddy 
dissipation  rate  must  first  be  found  using  the  following  equations. 


U 


dx^  dy 


(43) 


(44) 


where  ci  and  cj  are  constants  and  fi  is  a  function  to  modify  cj.  The  details  of 
the  formulation  and  solution  to  these  equations  are  given  in  the  thesis  by  Tseng 
(1991).  Under  isotropic  conditions,  turbulent  fluctuations  are  equal  in  magnitude  in 
all  three  dimensions.  However,  the  conditions  imposed  here  by  Eqs.  (41-42)  result 

in  u:  =  (1.10  fc)  ^ .  Equation  (41)  is  then  employed  to  obtain  v1. 

A  particle  interacts  with  an  eddy  for  a  duration  which  is  either  the  time  required 
for  the  particle  to  traverse  the  eddy  or  the  eddy  lifetime.  The  eddy  lifetime  can  be 
estimated  from  Shuen  (1984)  using 


in  which  L«,  the  characteristic  size  of  an  eddy,  is  assumed  to  be  the  dissipation 
length  scale. 


I* 


C$ki 


(46) 


where  CB  =  0.09.  The  time  required  for  the  particle  to  traverse  the  eddy  is  not 
directly  calculated;  however,  the  distance  the  particle  travels  within  the  eddy  is 
continuously  monitored  such  that  it  remains  less  than  the  eddy  rise.  The  parti¬ 
cle/eddy  interaction  is  terminated  if  (1)  the  distance  the  particle  travels  within  the 
eddy  jAx|  is  greater  than  the  length  scale  of  the  eddy,  or  (2)  the  time  of  interaction 
(At)  is  greater  than  the  eddy  lifetime.  These  criteria  are  represented  as  foLlows. 


|  Ax  |  >  LK  ,  A i  >  it  (47) 

Upon  completion  of  the  interaction,  the  particle  then  enters  a  new  eddy  with  prop¬ 
erties  determined  from  another  random  sampling  of  the  PDF.  Mean  dispersion  rates 
of  the  particles  are  obtained  by  averaging  over  a  statistically  significant  number  of 
particle  trajectories. 


3.  NUMERICAL  METHOD 


The  theoretical  formulation  for  the  gas  phase  b  solved  using  a  numerical  scheme 
based  on  the  Lower-Upper  Symmetric  Successive  Overrelaxation  (LU-SSOR)  tech¬ 
nique  (Yoon  and  Jameson,  1987,  and  Jameson  and  Yoon,  1987).  Tins  scheme  solves 
the  two-  or  three-dimensional  Navier-Stokes  equations  and  species  transport  equa¬ 
tions  by  means  of  the  finite-volume  approach.  It  has  proven  to  be  very  robust  and 
efficient  for  highly  reactive  systems  such  as  the  combustion  of  hydrogen  and  oxygen. 
The  algorithm  was  previously  validated  for  supersonic  mixing  and  reacting  flows  by 
comparing  predicted  results  with  both  experimental  results  and  other  numerical 
calculations  (Shuen  and  Yoon,  1989).  A  summary  of  the  solution  technique  for  this 
application  is  given  in  Jarymowycz  et  al.  (1990a). 

After  the  solution  to  the  gas  phase  is  attained,  an  individual  boron  particle  is  ejected 
from  the  solid  fuel  into  the  high-temperature  flowfieid.  Local  values  of  pressure, 
temperature,  and  species  mass  fractions  are  used  for  the  conditions  surrounding  the 
particle.  The  equations  governing  the  boron  particle  history  are  solved  by  &  fourth- 
order  Runge-Kutta  scheme  (Hombeck,  1975).  The  time  step  for  stable  convergence 
of  the  continuity  and  energy  equations  b  approximately  0.01  milliseconds;  however, 
the  time  scales  for  the  turbulent  eddies  are  much  smaller.  For  this  reason,  the  eddy 
lifetimes  are  first  determined,  then  one-fifth  of  tt  is  utilized  as  the  time  step  for  the 
calculation.  'Die  particle  tra^.tovy  is  .  -ar-ed  to  the  exit  of  the  chamber,  after  which 
another  particle  b  ejected  from  the  same  location  as  the  first.  The  new  particle  is 
also  traced  to  the  exit  of  the  combustion?  chamber,  but  due  to  the  randomness  of  the 
turbulent  fluctuations,  the  trajectory  is  different.  The  procedure  is  repeated  2000 


times  to  achieve  a  statistically  significant  number  of  trajectories.  The  properties  of 
the  partides  are  recorded  at  three  axial  stations,  at  x  =*  jL,  §L,  and  L,  where  L  is 
the  length  of  the  combustion  chamber. 


4,  RESULTS  AND  DISCUSSION 


4.1  Ga3-Phase  Solution 

Calculations  were  performed  with  HTPB  (hydroxyl-terminated  polybutadiene)  solid 
fuel  samples  located  along  the  bottom  surface  of  a  2-D  chamber  with  an  inlet  height 
of  3.175  cm  and  a  length  of  15.24  cm,  as  shown  in  Fig.  1.  The  sample  spans  7.62 
cm  along  the  lower  boundary  of  the  chamber,  thus  allowing  space  for  chemical 
reactions  downstream  of  the  fuei.  HTPB  was  chosen  for  this  study  because  it  has 
been  characterized  for  its  wide  use  in  composite  propellants  (Cohen  et  aL,  1974), 
and  it  is  an  energetic  binder  commonly  found  in  solid  fuels. 

To  facilitate  the  gas-phase  analysis,  it  is  assumed  that  butadiene  (C<i7«)  is  the  only 
product  released  from  the  fuel  surface.  This  simplification  is  justified  for  the  follow¬ 
ing  reasons.  First,  vinylcvclohexene,  the  second-most  abundant  pyrolysis  product, 
(Ericsson,  1978,  and  Brazier  and  Schwartz,  1978)  can  be  adequately  represented 
by  butadiene,  since  the  monomer  and  dimer  have  similar  molecular  structures  and 
kinetic  parameters.  Second,  the  majority  of  hydrocarbons  tabulated  in  Westbrook 
and  Dryer  (1981)  have  equal  activation  energies  and  only  a  slight  variation  in  pre- 
exponential  factor.  Thus,  the  consideration  of  additional  fuel  species  would  not 
alter  the  kinetic  behavior  of  the  gas  phase.  Finally,  in  the  limit  of  fast  kinetics  with 
respect  to  the  diffusion  process,  one  hydrocarbon  may  be  sufficient  to  represent 
the  fuel  species,  and  additional  hydrocarbons  would  not  change  the  fundamental 
characteristics  of  the  sample.  With  the  two-step  reaction  mechanism  of  Eqs.  (17) 
and  (18),  the  gas  phase  contains  six  species:  C^IIt ,  Oj,  CO,  H^O,  CO2,  and  N^. 
The  rate  constants  for  these  reactions  are  given  in  Westbrook  and  Dryer  (1981)  and 
Dryer  and  Glassman  (1972). 

Each  calculation  employed  a  120x80  grid.  The  numerical  grid  was  uniform  in  the 
horizontal  direction,  with  a  spacing  of  0.129  cm.  Since  many  important  physical 
processes  occur  in  the  region  immediately  above  the  sample  surface,  the  numerical 
grid  was  clustered  vertically  near  the  surface,  with  the  smallest  grid  measuring  45 
microns  in  height.  For  each  computation,  the  total  mass  flowrate  of  the  ram  air 
and  pyrolyzed  fuel  was  conserved  to  within  0.1%  at  the  exit.  The  scheme  required 
approximately  40  n sec  of  CPU  time  per  iteration  per  grid  point  on  a  Cray  Y-MP 
machine. 

Figure  3  shows  the  contour  plots  for  Mach  number  and  static  temperature  with  an 
inlet  Mach  number  of  1,2,  a  static  temperature  of  2000  K,  and  static  pressure  of 
2.5  atmospheres.  Mach-number  contours  are  incremented  by  0.1  and  temperature 
contours  by  100  K.  These  figures  show  only  the  bottom  3  mm  of  the  combustion 
chamber  and  have  been  magnified  in  the  y-direction  by  a  factor  of  twenty  to  resolve 
the  flow  structures  nearest  the  surface.  In  Fig.  3a,  an  inlet  shock  occurs  at  the 
entrance  due  to  the  abrupt  deceleration  of  the  now  at  the  surface  to  satisfy  the  no¬ 
slip  condition.  This  deceleration  enhances  temperature  recovery  and  heat  transfer 
at  the  surface.  This  shock  decelerates  the  Sow  to  a  subsonic  Mach  n timber  of  0.8&, 
with  corresponding  increases  in  static  temperature  and  pressure  to  2100  K  and  3.4 
atm,  respectively.  Immediately  downstream  of  the  entrance,  the  temperature  plot 
shows  a  series  of  closely  spaced  contours  near  the  surface,  indicating  the  leading  edge 
of  the  flame  with  a  maximum  temperature  of  3300  K.  Although  this  temperature  is 
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FIGURE  4.  Species  Mass  Fractions;  Moo  =  1.2,  T^  =  2000  K.  p^  =  2.5  atm 


high  enough  to  promote  dissociation,  the  high-temperature  region  is  very  small  and 
it  is  unlikely  that  neglecting  dissociation  in  this  region  would  significantly  affect  the 
results  from  the  particle-phase  solution.  Further  downstream  of  the  fuel  sample, 
the  temperatures  are  in  the  neighborhood  of  2300  K. 
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The  mass  fractions  of  butadiene,  oxygen,  and  water  vapor  are  presented  in  Pig. 
4.  The  fuel  species  are  generated  from  the  sample  surface,  then  aiffuse  toward  the 
freestream  to  mix  and  burn  with  oxygen.  At  the  inlet  to  the  chamber,  the  oxygen 
is  uniformly  distributed  with  &  mass  fraction  of  0.23.  It  is  then  consumed  by  the 
chemical  reaction  which  generates  a  maximum  temperature  of  3300  K,  shown  in 
Fig.  3b.  The  gas-phase  temperature  diminishes  downstream  of  the  T,„cx  location 
because  cf  heat  transfer  back  to  the  fuel  sample  and  a  reduction  in  chemical  heat 
release  caused  by  an  oxygen  deficiency  near  tne  fail  surface.  The  maximum  tem¬ 
perature  at  each  axial  station  occurs  in  a  region  where  mass  fractions  of  oxygen  and 
butadiene  are  near  stoichiometric.  The  temperature  then  drops  off  from  this  region 
due  to  fuel-rich  conditions  toward  the  surface  and  oxygen-rich  conditions  toward  the 
freestream.  The  vertical  location  c:  maximum  temperature  is  determined  by  the 
rate  of  diffusion  and  blowing  of  pyroly%d  fuel-rich  gases  into  the  reacting  boundary 
layer.  Finally,  the  spedes  distributions  show  incomplete  consumption  of  butadiene 
at  the  exit  along  with  the  complete  consumption  of  oxygen  near  the  surface,  which 
suggests  that  further  entrainment  of  oxygen  or  perhaps  better  mixing  between  the 
fuel  and  oxidizer  will  improve  combustion  efficiency. 

4.2  Particle  Ignition  Results 

Preliminary  calculations  were  performed  with  boron  particles  in  quiescent  surround¬ 
ings  in  order  to  verify  the  operation  of  the  numerical  scheme,  and  to  determine  the 
approximate  particle  size  which  would  moat  likely  result  in  ignition  within  the  con¬ 
fines  of  the  combustion  chamber.  Typical  results  of  such  a  calculation  are  shown 
in  Fig.  5,  where  the  particle  temperature  and  oxide-layer  thickness  are  plotted 
versus  time.  The  initial  particle  radius  is  2.5  microns  with  an  oxide  thickness  of 
0.03  microns,  and  initial  temperature  of  900  K.  The  ambient  temperature,  pressure, 
oxygen  mole  fraction  and  water  vapor  mole  fraction  are  2200  K,  2.5  atm,  0.21,  and 
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FIGURE  5.  Histories  of  Particle  Temperature  and  Oxide  Layer  Thickness 


0.0,  respectively.  Figure  5  shows  an  abrupt  increase  in  particle  temperature  within 
the  first  0.2  ms  due  to  convective  heat  transfer  from  the  surroundings,  then  a  grad¬ 
ual  increase  when  the  particle  reaches  the  ambient  temperature.  While  the  particle 
temperature  riser.,  the  oxide  layer  thickens  due  to  the  diffusion  of  oxygen  across 
the  oxide  layer  to  react  with  boron  at  the  B/B2C3  interface.  At  a  sufficiently  high 
particle  temperature  (at  t=0.18  ms),  the  evaporation  rate  of  boron  oxide  begins  to 
dominate  over  other  modes  of  B2O3  generation,  and  the  oxide  layer  becomes  thin¬ 
ner.  The  particle  temperature  continues  to  slowly  rise  due  to  the  self-heating  from 
the  interfacial  reactions  between  B  and  O2.  Eventually,  the  particle  temperature 
reaches  2450  K  at  t=0.45  ms  and  the  boron  particle  begins  to  melt.  After  melting, 
the  remaining  oxide  is  quickly  removed  and  thermal  runaway  occurs,  resulting  in 
full-fledged  ignition  of  the  particle  at  t=  0.66  ms.  The  change  in  the  particle  ra¬ 
dius  throughout  the  ignition  event  is  almost  negligible,  with  the  radius  at  thermal 
runaway  equal  to  2.45  microns. 

Choices  in  the  initial  conditions  of  the  particle  may  have  some  bearing  on  the 
ignition  time  of  the  particle.  The  initial  temperature  of  900  K  was  based  on  the. 
anticipated  temperature  of  the  particle  when  it  is  ejected  from  the  solid  fuel.  A  slight 
variation  in  this  initial  condition  should  have  negligible  effects,  because  the  increase 
in  particle  temperature  at  the  onset  is  very  steep.  The  initial  oxide  thickness,  on  the 
other  hand,  may  have  some  consequence  on  the  final  ignition  time  of  the  particle. 
According  to  previous  studies  (King,  1974),  a  five-fold  increase  in  oxide  thickness 
from  0.02  - 1.0  microns  with  a  particle  radius  of  2.5  microns  results  in  a  fifty  percent 
increase  in  ignition  time.  The  value  of  0.03  microns  was  chosen  to  keep  the  mass 
fraction  of  oxide  below  five  percent  of  the  total  weight  of  the  particle.  This  value 
was  not  varied  in  the  remainder  of  the  numerical  cases  studied,  since  the  effect  of 
the  initial  oxide  thickness  is  already  known. 

Several  key  points  should  be  addressed  concerning  the  results  from  the  previous 
example,  keeping  in  mind  that  the  following  comments  refer  to  dry  oxidizing  en¬ 
vironments.  First,  the  rise  in  particle  temperature  from  the  initial  to  the  ambient 
temperature  is  predominantly  due  to  convective  heat  transfer.  The  presence  of  oxy¬ 
gen  during  this  short  time  has  some  adverse  effect  on  the  ignition  process,  since  the 
oxygen  mostly  serves  to  thicken  the  oxide  layer,  thereby  requiring  additional  time 
to  eventually  evaporate  the  thickened  layer.  Second,  when  the  particle  is  heated 
to  the  ambient  temperature  in  the  neighborhood  of  2200  K,  the  exothermic  reac¬ 
tions  between  boron  and  oxygen  are  responsible  for  generating  heat  to  evaporate 
the  oxide  layer,  melt  the  pa-ticle,  and  subsequently  cause  thermal  runaway.  These 
processes  account  for  a  large  portion  of  the  ignition  time,  as  evidenced  in  Fig.  5, 
because  increases  in  particle  temperature  are  slowed  by  heat  losses  through  evap¬ 
oration  and  convection  (for  Tp>T0O).  Finally,  the  criterion  for  ignition  13  thermal 
runaway.  Thermal  runaway  cannot  occur  before  the  oxide  layer  is  removed,  nor  can 
it  occur  before  the  particle  is  completely  melted.  The  choice  of  a  high  temperature 
(2600-3000  K)  to  terminate  the  calculation  is  not  crucial,  since  the  temperature 
increases  rapidly  during  this  stage.  In  this  work,  the  particle  temperature  chosen  to 
stop  the  ignition  calculations  after  thermal  runaway  ’.3  2600  K.  When  wa^er  vapor 
is  present  in  the  surrounding  gases,  thermal  runaway  will  occur  sooner  due  to  the 
increase  in  *b.c  consumption  rate  of  B2O3. 

As  mentioned  above,  the  purpose  of  the  previous  example  was  to  ascertain  whether 
or  not  a  certain  particle  size  would  ignite  during  the  limited  residence  time  within 
the  combustion  chamber.  Since  the  ignition  time  shown  in  Fig.  5  is  approximately 
0.7  ms  and  the  residence  time  of  the  particle  is  on  the  order  of  1  ms,  then  the 
particle  with  a  2.5  pm  radius  should  be  appropriate. 

The  conditions  for  the  baseline  case  of  a  boron  particle  ejected  from  the  fuel  sample 
are  as  follows.  The  initial  particle  radius  is  2.5  microns  with  an  oxide-layer  thickness 


FIGURE  6.  Calculated  Number  Distributions  of  Particles  at  Various  Temperatures 
(Station  x  =  §  L) 

of  0.03  microns  and  temperature  of  900  K.  The  particle  is  ejected  vertically  from  the 
front  of  the  fuel  sample  with  a  velocity  of  0.3  m/s.  This  velocity  is  approximately 
one  half  of  the  velocity  of  the  pyrolyzing  gases.  Depending  on  the  entrainment 
of  the  particle  in  the  pyrolyzing  gas,  this  initial  velocity  may  vary.  The  particle  is 
ejected  into  the  reacting  flowfield  for  which  the  Mach  number  contours,  temperature 
contours,  and  species  mass  fractions  have  been  given  (Figs.  3  and  4).  The  ejection 
process  is  repeated  two  thousand  times  to  achieve  a  statistically  significant  number 
of  trajectories. 

For  each  particle,  the  equations  for  the  rate  of  change  of  radius,  oxide-layer  thick¬ 
ness,  and  temperature  are  solved  at  each  time  step.  The  particle  location  and 
velocity  at  each  time  step  are  also  determined.  In  some  cases,  the  particles  may 
hit  the  lower  wall  boundary  somewhere  downstream  of  the  ejection  station.  In  this 
instance,  the  particle  is  assumed  to  adhere  to  the  surface  and  the  calculation  is  ter¬ 
minated.  PartMes  which  satisfy  the  ignition  criterion  of  thermal  runaway  continue 
to  be  traced  through  the  combustion  chamber  at  a  constant  particle  temperature  of 
2600  K.  This  assumes  that  the  particle  has  ignited  and  does  not  extinguish  during 
its  remaining  time  within  the  combustion  chamber. 

The  distributions  of  the  particle  height  above  the  lower  wail  are  plotted  according 
to  temperature  in  Fig.  6,  at  an  ax;al  location  of  x—  5  cm  (~L).  Of  the  2000  ejected 


158 


f 


FIGURE  7.  Calculated  Number  Distributions  of  Particles  at  Various  Temperatures 
(Station  x  =  §  L) 

particles,  1512  remain  in  the  fiowfreld  while  the  rest  have  hit  the  surface  due  to  the 
influence  of  random  turbulent  fluctuations  in  the  downward  direction.  The  majority 
of  the  remaining  particles  are  either  melting  or  have  already  ignited,  as  shown  in 
Fig.  6,  with  few  particles  at  temperatures  below  2450  K.  The  trajectories  associated 
with  the  melting  and  ignition  of  the  particle  are  such  that  most  trajectories  pass 
through  the  high-temperat'ire  region  at  the  front  of  the  sample  shown  in  Fig.  3b; 
therefore,  these  particles  are  subject  to  a  very  high  convective  heating  immediately 
after  ejection.  Particles  whose  trajectories  are  closer  to  the  surface  do  not  experience 
such  a  high  temperature  increase  from  convection.  Thest  wer  trajectories  are 
within  0.6  mm  from  the  surface,  which  is  within  the  fuel-rich  region  of  the  boundary 
layer  (shown  in  Fig.  4a).  Along  these  paths,  the  particles  are  not  exposed  to 
oxygen;  therefore,  the  possibility  of  their  ignition  is  slim.  Further  downstream 
at  x— |L,  the  number  distributions  are  more  broadly  spread  as  shown  in  Fig.  7, 
with  65%  of  the  particles  ignited.  All  particles  above  the  1.4  mm  location  have 
ignited.  This  indicates  that  particles  ignite  if  they  are  able  to  penetrate  the  gas- 
phase  flame  region,  since  their  temperatures  are  high  and  the  surroundings  provide 
sufficient  oxygen  for  ignition.  Results  also  show  that  at  the  exit,  77%  of  the  particles 
remaining  in  the  flowfield  have  ignited.  The  average  horizontal  velocity  of  these 
particles  leaving  the  chamber  is  582  m/s,  indicating  that  these  particles  ars  almost 
fully  entrained  into  the  flow  which  has  an  average  gas-phase  velocity  of  650  m/s. 

In  order  to  determine  the  most  probable  location  for  ignition  of  the  particles,  the 
number  of  occurrences  of  ignition  were  recorded  according  to  the  spatial  location 
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FIGURE  8.  Effect  of  Particle  Radius  on  Ignition  Locations; 
Moo  =  1.2,  Too  —  2000  K,  poo  =  2.5  atm 


within  the  flowfield.  Contours  of  the  number  of  occurrences  for  the  baseline  case 
are  plotted  in  Fig.  8a,  with  the  outermost  contour  line  representing  the  ignition 
of  at  least  one  particle,  and  each  succeeding  line  representing  an  additional  three 
occurrences  of  ignition.  The  lines  are  closely  spaced  within  the  region  between 
3.0  and  4.5  cm  from  the  inlet  and  0.7  to  0.9  mm  from  the  fuel  surface,  where  37 
percent  of  the  particles  ignited.  The  average  time  for  ignition  at  this  location  is  0.13 
ms.  When  compared  with  oxygen  mass  fractions  in  Fig.  5b,  the  ignition  locations 
indicate  the  importance  or  O2,  since  the  particles  ignite  when  they  come  in  contact 
with  oxygen  after  passing  through  the  high-temperature  zone.  The  effect  of  water 
vapor  on  the  ignition  time  is  insignificant  in  this  case,  because  the  mass  fractions 
shown  in  Fig.  5c  are  quite  small 

The  effect  of  particle  size  on  .  ;  ■»  *:on  time  and  location  was  investigated.  Ad¬ 
ditional  cases  were  studied  wit  .a  tr  particle  radii  of  1.5  and  1.0  microns,  and 
larger  radii  of  4.0  microns,  wj: l  ••  •  initial  conditions  remaining  the  same.  For 
both  of  the  smaller  particle  uz<  . '  'guition  locations  moved  upstream  to  1.75 
cm,  as  shown  in  Fig.  8b  and  Jc.  Fo*  .  1.5  micron  particles,  56  %  of  the  particles 

ignited  by  the  time  they  reached  x=jL  and  78  %  by  the  time  they  reached  the  exit. 
The  likelihood  of  ignition  for  this  size  is  greater  in  comparison  to  the  2.5  micron 
particles  because  the  smaller  size  requires  less  energy  to  be  heated  to  the  ignition 
temperature.  The  approximate  ignition  time  for  these  particles  is  0.06  ms.  For  even 
smaller  particles  with  a  1.0  micron  radius,  the  ignition  time  is  nearly  the  same.  This 
occurs  since  the  particles  cannot  ignite  any  sooner  due  to  the  lack  of  oxygen  near 


the  surface.  Both  the  1.5  and  1.0  micron  particles  heat  up  and  completely  remove 
their  oxide  layers  -within  the  fuel-rich  region  near  the  surface,  then  ignite  when  they 
come  in  contact  with  O2.  Although  the  ignition  times  and  locations  axe  the  same, 
a  tremendous  decrease  in  the  number  of  ignited  particles  is  noticed  for  the  particles 
with  1.0  pm  radius.  At  x=jL,  only  9%  have  ignited,  and  at  the  exit  only  15%  have 
experienced  thermal  runaway.  These  results  are  partly  due  to  the  lower  inertia  of 
the  smaller  particles,  which  allows  the  majority  of  them  to  be  swept  downstream 
before  reaching  the  high  temperature  region  above  the  fuel  sample.  Another  cause 
for  the  smaller  number  of  ignited  particles  is  due  to  convective  heat  loss  of  the 
unignited  particles  after  they  pass  i.ito  the  oxidizing  region.  The  surrounding  gas 
temperature  is  in  the  neighborhood  of  2300  K,  which  should  be  sufficient  to  ignite 
the  particles;  however,  for  smaller  particles  both  the  specific  surface  area  and  the 
convective  heat-transfer  coefficient  become  greater,  resulting  in  a  more  dominating 
effect  of  heat  loss  from  the  particle.  The  energy  supplied  by  the  exothermic  re¬ 
actions  may  not  be  sufficient  to  compensate  for  the  heat-loss  effect.  Therefore,  in 
some  instances  a  smaller  particle  size  would  not  benefit  the  ignition  process.  If  the 
surrounding  temperature  was  greater  than  the  ignition  temperature  of  the  boron 
particles,  then  the  convective  heat  losses  could  be  avoided  and  the  ignition  times 
would  be  shortened  fer  the  smaller  particles. 

Larger  particles  with  radii  of  4.0  microns  ignited  much  further  downstream  at  r.~ 
8.75  cm  and  y=1.3  mm  as  shown  in  Fig.  8d.  The  ignition  time  at  this  location  is 
0.32  ms.  At  x— |L  no  particles  were  ignited,  and  at  the  exit  only  44  %  were  i grated. 
In  comparison  with  Figs.  6  and  7,  less  dispersion  in  the  trajectories  was  noticed 
at  the  x— i-L  and  x=§L  stations,  as  shown  in  Figs.  9  and  10,  since  the  particles 


FIGURE  9.  Calculated  Number  Distributions  of  Particles  at  Various  Temperatures 
(Station  x  =  j  L) 


FIGURE  10.  Calculated  Number  Distributions  of  Particles  at  Various  Temperatures 
(Station  x  =  §  L) 

were  heavier  and  not  able  to  follow  the  turbulent  fluctuations  as  well  as  the  smaller 
particles. 

Figure  11  summarizes  the  effect  of  particle  size  and  axial  location  on  the  ignition 
probability.  The  percent  of  ignited  particles  is  plotted  at  three  axial  stations  for 
the  four  different  particle  sizes.  For  particles  with  radii  equal  to  1.0  micron,  9 
percent  ignited  by  passing  through  the  flame  region,  and  only  Q  percent  more  ignited 
afterwards.  For  larger  particles  of  1.5  and  2.5  microns  in  radius,  dramatic  increases 
were  noticed  in  the  ignition  percentages.  The  particles  with  1.5  micron  radius 
ignited  in  the  upstream  regions  of  the  combustion  chmnber,  whereas  the  slightly 
larger  particles  of  2.5  microns  required  more  time  to  ignite.  Nevertheless,  the  results 
at  the  exit  of  the  chamber  are  comparable.  A  total  of  78  percent  of  these  particles 
ignited  For  even  larger  particles  of  4  micron  radius,  the  percentages  decreased 
because  of  the  increased  energy  and  time  required  to  ignite  the  particles. 

The  effect  of  ambient  conditions  on  the  ignition  of  the  boron  particles  was  also 
studied  and  compared  to  the  baseline  case.  The  gas-phase  equations  were  solved 
again  based  on  a  lower  inlet  temperature  of  1900  K,  with  the  Mach  number  and 
pressure  remaining  at  1.2  and  2.5  atm,  respectively.  Boron  particles  were  ejected 
in  the  same  manner  as  discussed  above,  with  2.5  micron  radius,  0.03  initial  oxide 
thickness,  and  900  K  initial  temperature.  The  new  freestream  conditions  resulted 
in  a  decrease  to  69%  in  the  number  of  ignited  particles,  with  a  slight  increase  of 
0,94  ms  in  the  ignition  time.  The  particles  most  frequently  ignited  at  the  station 
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Axial  Location  (cm) 

FIGURE  11.  Effect  of  Particle  Radius  on  Ignition  Percentage  at  Three  Axial 
Stations 

5.26  cm  from  the  front  edge  of  the  sample.  This  location  is  1.75  cm  downstream 
from  the  results  of  the  baseline  case  at  the  higher  inlet  temperature  of  2000  K.  The 
slower  ignition  response  is  primarily  due  to  increased  convective  heat  loss  caused  by 
the  100  K  cooler  surroundings  when  the  particle  temperature  rises  above  the  gas- 
phase  temperature.  Results  from  this  calculation  are  plotted  in  Fig.  12,  where  a 
noticeable  decrease  in  the  percent  ignited  is  shown  in  comparison  with  the  baseline 
case.  Another  cess  with  lower  freestream  pressure  of  1.5  atm  was  calculated,  with 
all  other  conditions  the  same  as  the  baseline.  Similar  effects  on  the  ignition  results 
are  evident.  The  poorer  performance  stems  from  the  decline  in  freest!  earn  pressure 
which  decreases  the  oxygen  partial  pressure  and  the  flame  temperature-,  resulting 
in  a  delayed  ignition  of  the  particle. 


FIGURE  12.  Effect  of  Freestream  Conditions  on  Ignition  Percentage  at  Three 
Axial  Stations 
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Results  discussed  in  this  work  show  that  the  minimization  of  ignition  time  can  be 
accomplished  by  optimizing  the  environmental  conditions  at  certain  periods  dur¬ 
ing  the  ignition  process.  King  (1982b)  originally  suggested  such  a  scenario  which 
involved  the  initial  heatup  ana  removal  of  the  oxide  layer  in  a  mixed  HjO/Nj  atmo¬ 
sphere,  then  exposure  to  an  O2/N2  environment  for  melting  and  complete  ignition. 
In  this  manner,  the  buildup  of  the  oxide  layer  during  the  heatup  process  (as  evi¬ 
denced  in  Fig.  5)  can  be  avoided,  and  ignition  can  occur  sooner.  A  similar  scenario 
is  presented  here.  With  the  initial  heatup  occurring  in  the  fuel-rich  mixture  below 
the  reaction  zone,  boron  particles  avoid  oxide  layer  build-up  as  they  axe  ejected 
into  the  reacting  boundary  layer.  Since  the  particles  do  not  ignite  or  burn  within 
the  fuel-rich  layer,  the  near-surface  region  heats  the  particle  and  removes  the  oxide 
layer,  so  that  the  particles  achieve  thermal  runaway  immediately  upon  contact  with 
the  oxidizer.  When  this  occurs,  the  ignition  delay  time  is  governed  by  the  residence 
time  required  for  the  particles  to  travel  from  the  sample  surface  to  the  region  where 
sufficient  oxidizers  exist.  Otherwise,  if  the  oxide  layer  is  not  completely  removed 
before  the  particle  contacts  oxygen,  ignition  delay  time  will  be  prolonged;  thereby 
reducing  the  chances  for  achieving  a  high  combustion  efficiency. 

5.  CONCLUSIONS 

The  ignition  processes  of  boron  particles  above  a  burning  solid  fuel  were  studied  by 
numerical  solution  of  a  comprehensive  theoretical  model.  The  effects  of  particle  size 
on  the  ignition  times  and  locations  of  the  particles  were  determined.  Under  certain 
operating  conditions,  an  optimum  particle  size  can  be  attained  for  minimizing  ig¬ 
nition  delay  times.  The  study  also  showed  that  the  solid-fuel  ramjet  provides  an 
ideal  environment  for  reducing  ignition  delay  times  by  staging  the  ignition  process. 
In  this  manner,  ignition  occurs  in  a  very  short  time  period,  allowing  ample  time  for 
complete  combustion  of  the  particle. 

The  effects,  of  ambient  conditions  on  the  particle  ignition  times  were  also  investi¬ 
gated.  Lower  freestream  temperatures  delayed  ignition  because  of  reduced  heating 
of  the  particles.  Lower  pressures  increased  ignition  delay  times  because  of  a  de¬ 
creased  oxygen  partial  pressure  for  exothermic  reactions. 
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NOMENCLATURE 

A  =  Pre-exponential  factor 

Cq  =  Drag  coefficient 

=  Molar  concentration  of  specie  i 
Cp  =  Constant  pressure  specific  heat 

Cfi  =  Turbulence  constant 

Dij  =  Binary  diffusion  coefficient 

■D,m  =  Effective  diffusivity  of  species  :  againsL  mixture 

e  =  Total  stored  energy 
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B  =  Activation  energy 

/  =  Fraction  of  boron  particle  melted 

g  =  Gravitational  acceleration 

h  =  Convective  heat  transfer  coefficient 

=  Enthalpy  of  species  i 
h°j  =  Heat  of  formation 

k  =  Turbulent  kinetic  energy 

kefj  =  Effective  thermal  conductivity 

L  =  Length  of  combustion  chamber 

Le  =  Characteristic  size  of  turbulent  eddy 
Mi  =  Molecular  weight  of  species  t 
iV  =  Total  number  of  species 
p  =  Pressure 

q  =  Heat  flux 

qrad  —  Radiative  heat  flux 

Q i  =  Energy  released  in  reaction  of  boron  and  oxygen 

Q2  —  Energy  absorbed  in  water  vapor /boron  oxide  reaction 

Qz  =  Energy  absorbed  in  evaporation  of  boron  oxide 

rj,  =  Burning  rate  of  solid  fuel 

r_  — -  Boron  particle  radius 

Rb  =  Molar  consumption  rate  of  boron 

Rb  —  Molar  consumption  rate  of  boron  oxide  by  evaporation 

Rh  =  Molar  consumption  rate  of  boron  oxide  by  reaction  with  water  vapor 

Ru  —  Universal  gas  constant 

t  =  Time 

te  =  Eddy  lifetime 

it  =  Transit  time  of  particle  in  eddy 

Tlu  =  Surface  temperature 

Ttur  —  Surroundings  temperature 

T,  re/  =  Temperature  of  solid  fuel  at  reference  state 

T0  —  Solid  fuel  temperature  at  y  =  —00 

u  =  Velocity  in  x  direction 

Ui  =  Diffusion  velocity  in  x  direction 

v  =  Velocity  in  y  direction 

Vi  ~  Diffusion  velocity  in  y  direction 

x  =  Coordinate  in  axial  direction 

X  —  Boron  oxide  layer  thickness 

Xi  =  Mole  fraction  of  species  i 

y  —  Coordinate  normal  to  fuel  surface 

Yi  -•  Mass  fraction  of  species  t 

Greek  Symbols 

a  =  Boron  oxide  evaporation  coefficient 

e  =  Eddy  dissipation  rate 

ea  —  Emissivifcy  of  boron 

A  »  Thermal  conductivity 

P  Viscosity 

/««//  =  Effective  viscosity 

p  —  Density 

<r  —  Stefan-Boltzmann  constant 

r  =  Viscous  shear 

as,-  =  Rate  of  production  of  3pe  des  i 


Subscript’s 
B  =  Boron 

fu  =  Fuel  species 

g  =  Gas  phase 

p  ~  particle 

3  ss  Solid  phase 

Superscripts 
T  —  Transpose 

=  Favre- averaged  quantities 
=  Time-averaged  quantities 
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Abstract 

The  combustion  of  solid  fuel*  under  supersonic  crossflow  baa  been 
ftudied  uiing  a  comprehensive  numerical  analysis.  The  formulatioa  is 
based  on  the  time-dependent  multi-dimensional  compressible  Mavier- 
S totes  equations  and  species  transport  equation*.  Features  of  this  ap¬ 
proach  are  the  consideration  of  finite-rate  chemical  kinetics  and  variable 
properties.  Turbulence  closure  is  achieved  using  the  Baldwin- Lomax  al¬ 
gebraic  model.  The  governing  equations  are  solved  num-rically  using  a 
flux-vector  splitting  Lower-Upper  Symmetric  Successive  wverrelaxatioo 
technique  that  treats  source  terms  implicitly.  The  effect*  jf  various  op¬ 
erating  conditions  on  the  combustion  behavior  of  the  HTPB-based  solid 
fuel  samples  are  tr<  a  tod  in  detail.  Results  indicate  that  both  the  inlet 
temperature  and  pressure  have  strong  influences  on  the  burning  rate 
of  the  fuel  sample.  For  the  operating  range  considered,  an  optimum 
pressure  is  required  to  maximise  tha  burning  rare.  The  sample  buraa 
increasingly  faster  with  pressure  from  one  to  four  atmospheres.  How¬ 
ever,  at  a  higher  pressure,  the  energy  released  by  combustion  is  not 
sufficient  to  further  raise  the  temperature  of  the  crossflow  This  results 
in  a  decrease  in  heat  feedback  to  the  fuel  sample,  consequently  causing 
a  slight  reversal  of  the  burning  rate  trend  with  pressure. 


A  =  Pre-exponential  factor 

C,  =  Molar  concentration  of  species  i 

c,  =  Constant  preasure  specific  heat 

Dtf  =  Binary  diffusion  coefficient 

Dim  =  Effective  diffusivity  of  species  ■  against  mixture 

e  =  Total  stored  energy 

E  -  Activation  energy 

h  =  Enthalpy 

h’j  =  Beat  of  formation 

k  =  Thermal  conductivity 

k,/f  =  Effective  thermal  conductivity 

L  =  Length  of  fuel  sample 

Mi  =  Molecular  weight  of  species  s' 

f<  =  Total  number  of  species 

p  =  Pressure 

q  =  Heat  flux 

=  Radiative  heat  Sux 
n  =  Burning  rate  cf  solid  fuel 

ft,  =  Universal  gts  constant 

T,»  =  Surface  temperature 

T,,„/  =  Temperature  uf  solid  fuel  at  reference  state 

T,  =  Solid  fuel  temperature  at  y  =  -oo 
u  =  Velocity  in  x  direction 

Oi  =  Diffusion  velocity  in  x  direction 
v  =  Velocity  in  y  direction 

V,  =  Diffusion  velocity  in  y  direction 
x  =  Coordinate  in  axial  direction 
Xi  =  Mole  fraction  of  species  i 
y  =  Coordinate  normal  to  fuel  surftce 
Yi  =  Mas*  fraction  of  species  t 
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t  =  Emissivity 

fi  =  Viscosity 

li, (j  =  Effective  viscosity 

f  =:  Density 

9  as  Stefan-Boltimann  constant 

t  -  Viscous  shear 

w<  =  Rate  of  production  of  species  i 

Subscripts 

fu  =  Fuel  species 

f  =  Gas  phase 

a  =  Solid  phase 

Superscripts 
T  =  Transpose 

=  Fuvre-averaged  quantities 
=  Time-averaged  quantities 


Lintadmikn 

In  the  modern  development  of  airbreathing  propulsion  systems  foe 
hypertonic  vehicles,  attention  is  often  focused  on  the  supersonic  com¬ 
bustion  ramjet  (commonly  known  as  scramjet)  duo  to  ita  effectiveness 
in  capturing  the  incoming  air  with  sufficient  pressure  recovery.  Once 
compressed,  the  sir  mixes  and  bums  with  furl,  then  tbs  combustion 
products  are  accelerated  through  an  exhaust  nossle  to  generate  thrust. 
The  principles  of  the  acranqjet  and  solid  propellant  rocket  motor  may 
bs  linked  in  sequence  to  form  an  integral  rocket-ramjet  (IRR),1"  as 
shown  schematically  in  Fig.  1.  This  design  is  particularly  attractive 
for  its  low-volume  configuration,  since  the  rocket  and  ssrarqjet  modes 
utilise  a  common  combustion  chamber.  In  addition,  the  vehicle  avoids  a 
waight  penalty  associated  with  carrying  oxidants  during  tbe  airbreath- 
in*  phaaa,  and  consequently  provides  a  higher  specif-;  impulse  sad 
longer  Sight  rang*. 


fRAN*l»U  ejectable 

PORT  COVERS  ROCKET  NOZZLES 


U<l  M>l  H  *  I  M» 


ID  DUAL- MOO*  RAMJET  CONEBUKATION 


Figure  1.  Schematic  cf  lategrsl  Rocket-Ramjet 
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The  scramjet  engine  eta  he  powered  by  either  solid  or  liquid  fuel*. 
The  use  of  solid  fuel  greatly  simplifies  the  system  design  and  eliminates 
problems  associated  with  fuel  storage  and  feeding  mechanisms.  In  ad¬ 
dition,  highly  energetic  additives  such  as  boron  or  metallised  powders 
may  considerably  increase  the  energy  density  of  a  solid  fuel  beyond  that 
of  a  liquid  fuel,  thereby  making  it  particularly  attractive  for  volume- 
limited  •missions.  The  purpose  of  this  work  is  to  study  numerically 
the  physical  and  chemical  processes  involved  in  the  supersonic  combus¬ 
tion  of  solid  fuels  and  link  these  phenomena  with  experimental  resu*>? 
discussed  in  companion  papers. 3,3 

Several  works  have  been  devoted  to  the  combustion  of  solid  fuels 
under  low  Mach-number  flow  conditions.  In  References  4  and  5,  prelim¬ 
inary  results  were  summarized  on  the  combustion  processes  in  solid-fuel 
ramjets,  including  the  effects  of  conf  guration  variables  and  operating 
conditions  on  combustion  performance.  Schulte*  studied  flame  stabi¬ 
lization  m  an  experimental  ramjet  motor  and  determined  flame  holding 
limits  based  on  various  ratios  of  fuel  port  area  to  nozzle  throat  area, 
and  fuel  port  area  to  Same  holder  area.  Flame  holding  was  improved 
by  increasing  these  area  ratios  and  by  raising  the  ram  air  tempera¬ 
ture.  In  addition,  an  increase  in  inlet  air  temperature  enhanced  the 
regteseion  rate  of  polyethylene  solid  fuel  to  a  greater  extent  than  did 
the  air  mass  flux  and  chamber  pressure  Netzer  a-id  Gany7  made  sim¬ 
ilar  observations  regarding  flame  stabilization  limits  and  burning  rate 
dependencies  using  a  miniaturized  solid  fuel  ramjet. 

Gany  and  Netzer*  studied  the  combustion  of  highly  metallized, 
boron  containing  zolid  fuels  under  low  Mach-number  flow  conditions. 
They  observed  that  the  supply  of  oxygen  plays  a  significant  role  in 
the  heterogeneous  reactions.  The  decomposing  binder  ejects  heated 
particles  into  the  crossflow  where  they  react  with  oxygen,  and  subse¬ 
quently  ignite  and  burn.  The  presence  of  oxygen  in  the  near-surface 
region  could  affect  the  lifetime  ol  there  particles,  depending  on  how 
long  they  remain  near  the  surface  and  to  what  extent  they  are  heated 
before  ejection  occurs.  Recently,  Scott  and  Netzer8  studied  the  effect 
of  fuel  ingredients  on  the  combustion  behavior,  noting  that  metallised 
fuels  require  higher  pressures  and  longer  residence  timet  to  achieve  bet¬ 
ter  combustion  efficiency.  It  addition,  fuels  with  lover  shore  hardness 
could  be  ignited  more  easily. 

Attempts  to  investigate  the  combustion  of  solid  fuels  under  tran¬ 
sonic  and  supersonic  crossflows  were  made  by  Snyder  el  *1.3  Results 
indicated  that  conventional  hydrocarbon  fuels  juch  as  hydroxyl  termi¬ 
nated  polybutadiene  (HTPB)  ere  difficult  to  ignite  at  low  pressure. 
However,  this  situation  can  be  improved  significantly  with  the  use 
of  an  energetic  copolymer  such  as  3,3-bi*  (axidomethylj  oxetaae  and 
3-nitratomethyl  3-rnstbyl  oxetaae  (BAMO/NMMO),  which  is  readily 
ignitable  because  of  its  lower  best  of  decomposition  and  availability 
of  oxygen  in  the  condensed  ph«se.  Observations  from  strand  burner 
tests10  also  revealed  that  boron/poly  (BAMO/NMMO)  hu  an  advan¬ 
tage  over  conventional  IJTPb  based  solid  fuels,  since  it  pyrolyxe*  vig¬ 
orously  and  disperses  boron  particles  effeetivzly  into  the  mein  reaction 
zone. 


The  physical  gtometry  considered  in  the  analysis  is  shown  in  Fig. 
2.  A  uniform  supersonic  sir  flow  enters  a  two-dimensional  chamber 
in  which  a  solid  fuel  sample  pyrolyzes  and  reacts  with  the  tam  sir  in 
the  gas  phase.  To  facilitate  formulation,  the  proc cased  in  the  gas  and 
•olid  phases  are  treated  separately.  They  are  linked  together  through 
the  balance  of  matt  and  energy  fluxes  at  the  gat/solid  interface.  In 
order  to  achieve  steady-state  conditions  in  the  gas  phase  and  at  the 
fuel  boundary,  the  fuel  is  fed  at  a  rate  rs  equal  to  the  burning  rite, 
which  keeps  the  surface  of  the  burning  sample  dictionary. 


M«>' 
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Figure  2.  Phytical  Geometry  of  Two-Dimensional 
Combustion  Chamber 


Osa  -  Phase  Analysis 


The  gss  phase  analysis  is  based  on  the  Favre-averaxed  coatsm- 
tioo  equations  of  msss,  momentum,  energy,  and  species  transport  foe  a 
multicomponent  system  in  Cartesian  coordinates.  They  ran  be  written 
conveniently  in  the  vector  form 


5Q  8E  8F ;_5£.  5fV 
5f  8x  +  8y  5t  5y 


+  H 


(1) 


Since  the  experimental  study  of  solid  fuel  combustion  under  super¬ 
sonic  conditions  has  been  performed  only  on  a  very  limited  basis,3-3  the 
present  research  sheds  some  light  on  the  feasibility  of  solid-fuel  scranyet 
propulsion.  The  specific  objectives  of  this  paper  are: 

1.  to  investigate  the  detailed  flowfieids  and  flame  structures 
involved  in  the  combustion  of  solid  fuels  in  a  supersonic  Sow 
environment: 

2.  to  determine  the  burning  rata*  of  the  fuel  samples  under  various 
conditions; 

3.  to  examine  the  effects  of  the  freestream  conditions  (specifically 
pressure  and  temperature)  on  the  pyrolysis  and  combustion 
characteristic*  of  the  fuel  samples. 

In  what  follows,  s  comprehensive  theoretical  formulation  of  the 
combustion  of  homogeneous  solid  fuel*  under  superacuie  crossflow  coo- 
ditiont  is  given,  follow-.d  by  a  description  of  tht  numerical  algorithm. 
As  a  specific  example,  the  combustion  behavior  of  pure  HTPB  fuel 
samples  is  treated  in  depth.  The  situation  involving  two-phase  flow* 
will  be  disclosed  in  future  work. 


where 

<3  2  i h>  P.-“.  Pii<  PtY<V 

Es  (p,u,  j5,i3  +?,  «(^jC  +  i5).  ^r“T>]r 

Fs  [pi«,  A»v3  +  p,  v(p,e  +  p),  p,0Yi )‘ 

E.  3  [C,  frri  trgl  it..  +  —  q.,  —  fjOtYt] 

F,  3  (0,  fn,  t„,  it..  +  v tn  q„  -P'Vtff 
H  3  [0,  0,  0,  0,  ut}T 

foe  s'  =s  1, 2,. . .  tt  - 1,  with  N  being  the  total  number  of  species  consid¬ 
ered,  The  diffusion  terms  in  E,  and  F,  are  defined  a* 


(gig) 

(8u  8v\ 

\5y  +  8x) 


(2) 


t„  = 


P>lt  I 


(3) 
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„  8v  2  (8i  8v\ 

r»  =  ^nTy-^.u  + 

(<) 

v*  =  -t«/j  hYi  hy.Ot 

ml 

(5) 

•In  =  -*•//  jj;  +  h  £ 

(«) 

»»• 


where  Ut  and  Vt  stand  for  the  diffusion  velocities  and  are  determined  by 
Fick’s  law.  The  effective  transport  properties,  p,//  and  i,//,  contain 
contributions  from  both  the  laminar  and  turbulent  diffusion  processes. 
A  full  account  is  taken  of  the  variation  of  specific  beat  with  tempera¬ 
ture,  giving  the  static  enthalpy  as  follows: 

h.=  f  c,,  dT  +  fcJ,  (7) 

-  T,,/ 

where  hjt  is  the  enthalpy  of  formation.  Consequently,  the  total  inter¬ 
nal  energy  e  becomes 

-£**•- £  +  5  («****>  (8) 

■st  h‘  * 

Finally,  the  equation  of  state  determines  the  presmre  from  the  temper¬ 
ature.  density,  and  species  mass  frictions. 

(9) 

•si 

The  binary  mass  diffusivity  is  determined  using  the  Chapman- 
Fas  kog  theory  along  with  the  Lennard-dooes  intermolecular  potential- 
energy  •.'unctions.11  The  effective  difTusivity  is  then  calculated  through 
the  following  formula.11 


Dim 


l-x, 

if* 


jo*  i  *  J, 


(10) 


where  X,  is  the  molar  fraction  of  species 

Thermodynamic  and  other  transport  properties  of  each  constituent 
species  are  evaluated  uuing  fourth-order  polynomials  cf  temperature11 
which  are  valid  for  the  range  from  300  to  5000  K.  For  a  mixture,  specific 
beat  is  determmed  by  a  mass-concentration  weighing  of  each  tperias, 
but  vtscoaity  and  thermal  conductivity  are  calculated  using  Wilke's 
mixing  rule.14 


Condensed  -  Phase  Analysts 

If  »e  ignore  the  hulk  motion,  subsurface  chemical  reaction,  and 
trial  thermal  diffusion,  the  equation  governing  the  condensed-phase 
proems  reduces  to  a  one-dime naioual  heat  conduction  equation  for  each 
axial  station.  Under  steady-state  conditions,  this  cqustion  takes  the 
furo 

dy  (**  dy  )  ~ ^  +A/u]  =°  HI) 

subject  to  the  boundary  conditions 


T,  =  T.  ss  y  —  ~oe 

T,  -T„  at  y  =  0 

when  the  subscript  ■«*  denotes  the  pwptrrios  of  the  tolid  pbcee.  Since 
the  thermophysiuj  nropittite  of  met  solid  fuels  w*  as  well  ekarne- 
resieed  with  respect  to  temperature,  lues*  properties  art  treat*]  ss 


constants.  Integration  c*  ,q.  (It)  yields  the  steady-cute  temperature 
dixiributioc  at  n  given  axial  location  in  the  solid  phase.  - 

T.=T.  +  (T..  -  T.)  exp  (12) 


Boundary  Conditions 

The  heat  and  mass  transfer  processes  between  gsa  and  condensed 
phase*  must  be  matched  at  the  fuel  surface  to  provide  the  necessary 
iaterfuce  conditions  for  both  the  gts  and  condensed  phases.  This  pro¬ 
cedure  will  eventually  determine  the  temperature,  regression  rate,  and 
specie*  concentrations  at  the  surface.  With  some  straightforward  ma¬ 
nipulation,  the  matching  conditions  are  given  as  follows 

Maas 


p,.-»  =p,tvU 


(13) 


Species  Mass  Fraction 

p>nYiL  shVfYi\+-PtD 


(H) 


Energy 


-t.^1_+P,n(^/^dr+A^)  = 

-  k'Tvl  ■ » t ™ (*»  -  Trw ) !+  ■ {iS) 


where  *+’  and  *-*  represent  respective!/  the  condition.’  immediately 
•hove  and  below  the  surface.  The  pyrolytic  rate  of  solid  fuel  is  evaluated 
using  a  leroih-order  Arrhenius  expression. 


where  A,  is  the  pra-exponeatia!  factor,  p,  the  fuel  density,  the  acti¬ 
vation  energy,  and  T„  the  surface  temperature.  Radiant  heat  transfer 
to  the  surface  due  tci  emission  from  the  gss-phua*  it  calculated  using  a 
Stefan- Bolteroann  relation  in  terms  of  the  averaged  gas-phase  tempera¬ 
ture.  The  total  ga*  emissivity  tt  is  estimated  usirg  a  method  developed 
by  nottel. 11  and  is  a  function  of  the  specie*  mole  fractions,  gas- phase 
temperature,  pressure,  end  mean  beam  length. 

The  Bow  at  tbs  upstream  boundary  m  supersonic  with  pre-spec ified 
temperatare,  pressure,  Mach  number,  and  species  mass  fraction.  The 
iaist  vtlc  aty  profile  is  assumed  to  be  uniform  in  the  y -direction  with  do 
wtstical  velocity  component.  Since  tfcs  fiow  at  the  downstream  bound- 
ary  is  also  superaoaic  except  foe  a  small  region  near  the  surface,  all  of 
the  exit  onditione  are  extrapolated  from  their  counterpart*  within  the 
combustion  dumber.  However,  the  siMic  pressure  may  be  specified 
Sw  the  subsonic  region  of  the  boundary  Isyn.  The  upper  boundary  ■ 
taken  to  be  a  line  of  symmetry.  Therefore,  the  veUrcsl  velocity  compo¬ 
nent  sod  the  derivatives  of  sit  the  other  dependent  variables  across  the 
boundary  are  act  to  sero.  In  addition,  the  no-slip  condition  is  employed 
at  the  fuel  sample.  The  pressure  at  the  surface  of  the  fuel  sample  i* 
determined  by  the  y- momentum  ecu* lion,  giving 


*(}»?)  „  [<fr 

“  pdy' 


(17) 


3\»fcuka«,  Motel 


The  Btrldwin-Lomax  algebraic  model  '*  along  with  eooatast  tur¬ 
bulent  Prandtl  and  Schmidt  number*  (Pr,=  Sci=  0.9)  are  choees  to 
achieve  the  turbulence  cloaure  becauae  of  their  computational  efficiency 
and  simplicity.  Tbia  algebraic  model  solve*  for  the  turbulent  eddy  via- 
coeity  using  the  PrandM-Van  Driest  formulation  and  the  local  vortieity 
distribution  for  the  near-wall  and  outer  regions,  respectively. 


a  scalar  diagonal  inversion  of  the  flow  equations  and  a  diagonal  block 
inversion  foe  the  species  aquations.  Consequently,  it  bis  an  operational 
count  comparable  to  explicit  schemes  in  addition  to  a  fsat  convergence 
rata,  thereby  saving  a  considerable  amount  of  CPU  time.  Furthermore, 
the  scheme  can  be  fully  vectorised. 

To  improve  numerical  efficiency  and  accuracy,  the  governing  equa¬ 
tions  in  Cartesian  coordiaatea  are  transformed  to  generalised  coordi¬ 
nates  ss  follows. 


Gas  —  Phase  Combustion  Model 


For  combustion  of  gaseous  hydrocarbon  fuels  with  oxygen,  West¬ 
brook  and  Dryer17  suggested  a  simplified  two-step  reaction  mechanism 
that  reasonably  predicts  reaction  rates  for  a  large  number  of  hydrocar¬ 
bons  over  a  wide  range  of  equivalence  ratios  and  pressures. 

C«Hm  +  Q  +  j)0:-  nCO  +  jH,0  (18) 

CO +  !<?,=  CO,  (19) 

This  two-step  mechanism  is  adopted  without  the  reverse  reaction  of  Eq. 
(19)  since  its  reaction  rate  is  slower  than  the  forward  reaction  by  six 
orders  of  magnitude,  and  has  little  effect  on  the  overall  kinetics  in  light 
of  the  short  residence  time  of  the  Sowfield.  Equations  (18)  and  (19) 
are  satisfactory  expressions  for  the  gaa-pheae  reactions,  provided  the 
flame  temperature  is  not  high  enough  to  promote  dissociation  to  free 
radical  species  such  as  H,  O,  and  OB.  For  Same  temperature*  beytad 
3000  K.  a  multi-step  mechanism  will  be  recommended  to  account  for 
dissociation. 

The  production  rates  of  the  species  are 


«/.  »  ezp  C],  CS,  (90) 

and 

uco  =  nMcoA,utzp  j  Cjm  C*0, 

-McoAco  exp  Coo 4,0  C*0,  (21) 

where  the  subscript  /u  reprewin ti  the  fuel  species,  and  the  factors  « 
and  i  are  dependent  on  the  type  of  fuel  species  considered.  The  source 
term*  for  each  of  the  remaining  species  are  similarly  determined.  HlUo- 
geo  is  alto  considered  since  air  is  the  oxtdiser;  however,  it » treated  inert 
with  it*  production  rate  being  itro.  In  summary,  ,V  -  1  species  con¬ 
servation  equation*  and  one  algebraic  expression  relating  these  species 
to  nitrogen  are  solved. 

The  consideration  of  multiplicative  effects  between  chemical  kinet¬ 
ics  ~ad  turbulence  would  require  a  very  sophisticated  turbulence  elewure 
a  Heme  or  Direct  Numerical  Simulation  (DNS).  Sines  DNS  methods  are 
still *n  early  stage  of  development  and  turbulent  combustion  models 
with  finis,  -rate  chemistry  are  not  available,  the  eifeeta  of  turbulence  OS 
chemistry  are  not  considered  in  this  study. 


3. Numerical  Method 


The  theoretical  formulation  is  solved  using  a  numerical  scheme 
based  on  the  Lowor-Upper  Symmetric  Successive  OverreUyttjon 
(LU-SSOR)  technique.  1,-,‘  This  scheme  solves  the  two-  oe  three, 
dirrw  tutorial  Navicr-Stoles  eqvatiooc  and  species  transport  equations 
by  mean*  of  the  finite  volume  approsek.  It  hu  proven  to  bv.  very  ro¬ 
bust  and  efficient  for  highly  reactive  systems  such  at  the  combustion 
of  hydrogen  and  oxygen.  The  algorithm  waj  p .  rvioaaly  validated  for 
supersonic  mixing  and  reacting  flow*  by  eompariag  predicted  result* 
will  both  experimental  result*  and  other  numerical  calculations.*1 

The  advantage  of  the  LU-SSOR  technique  lisa  in  tbs  manner  ef 
solving  chemical  source  terms  implicitly  with  iaviscid  (luxe*.  Most 
other  implicit  schemes  require  the  iavttsic*  of  bkxi-banded  metric** 
foe  the  entire  set  of  equations,  but  the  LU-SSOR  method  require*  only 


€-{(*, y)  and  r,  =  i}(r,y)  (22) 


T2te  Iran*  form  alien  i*  chosen  so  that  the  grid  spacing  in  the  computa¬ 
tional  domain  ia  uniform  and  of  unit  length,  i.e  ,  Af  and  Ai}=l.  The 
governing  equation  then  takes  the  following  form. 


.  ££  OF 

6t  +  at  +  dr, 


dp, 

dr, 


(23) 


where  the  new  dependent  variables  (},  E,  P,  ete.  are  the  tranjformed 
vector*  in  generalised  coordinates.  The  invircid  fiux  and  aource  vectors 
are  treated  implicitly,  giving 


Of  di  d  n  df 


9f: r 
an 


(2«) 


where  n+1  denotes  the  new  time  ievtl,  and  n  the  present  time  level. 
For  simplicity,  the  diffusion  vectors  E,  and  F,  are  solved  explicitly. 

Linearising  the  invucid  flux  vector*  and  source  terms  reveal*  the 
Jacobian  matrices  |^,  i£,  which  ate  represented  by  A,  B,  and 
D,  respectively.  Substitution  into  Eq.  (24)  yields 


-A +  24  24V-  Ar r 

“V* +s?  *  «r  17J  =-A<H 

wbert  R  is  the  rasidcal  and  I  the  identity  matrix. 


(2S$ 


Equation  (35)  can  b«  solved  by  directly  inverting  the  large  block- 
banded  matrix  on  the  left-hacd  rids;  however,  this  would  be  iaejSS- 
ejaet  sad  require  a  peat  computational  effort.  Inatevi,  » lower-upper 
(LU)  factated  implicit  acheme  developed  by  Yoon  end  Jameson,1*  ia 
employed.  In  this  method,  the  Jacobian  matrices  A  and  B  are  split 
sack  that  tkor  eigenvalues  are  positive  for  the  A*  and  B+  matrices 
and  negative  for  the  A"  and  B”  matrices.  There  are  many  way*  in 
which  this  eplitting  can  be  accomplished.  One  possibility  which  in- 
creen  the  diagonal  dominance  of  Eq.  (25)  is 


A*  =  i (a +*-*/)  ,.r  =  jM-v*i) 

B+=X-Vi  +  v,I)  ,  B- (2fl) 

where  fA  is  greater  than  or  equal  to  the  maximum  eigenvalue  of  tbc  A 
Jacobian  matrix  (A*),  *u>mai(|A4D  Similarly,  v*  is  chosen  such 
that  v*>mex(|A»l) .  Equation  (2T)ia  then  obtained  with  Oj"  snd  D~ 
m  backward  difference  operators  for  matrices  with  poeitiue  eigenvahia* 
sad  Df  and  D*  a*  forward  difference  operators  foe  matrices  with 
noo-poeitive  eigenvalues. 

[/  -*■  At  (of  A*  +  D*A-  +  D;B*  +  D;B-  -  d)  |  i<5  =  -At  R  (27) 


Thk  equation  may  be  factorised  using  the  relations 


A*  -  A~  =  »Al  ,  B*-B~  =  *»/  , 

c*h“(S+S))' 

to  give 

[c>  At  (XJ.-A*  +  -  g  -  g  -  £>)]  <r'. 

Jc+At^A-  +  0,*r-  +  ~  +  ~jJ#^*-AtR  (28) 


Tobin g  the  limit  in  which  At— oo,  the  final  vettiou  of  the  governing 
equation  a  obtained 


Eouation  (29a)  it  solved  by  forward  marching  since  '.be  left-hand 
side  u  lower  bidisgonsl,  thee  £q.  (29b)  is  solved  by  backward  marching 
-o  complete  one  iteration.  The  inversion  irethod  for  £q.  (29a)  can  be 
simplified  to  some  extent  because  only  the  lower  right  corner  of  D  is 
aon-sero.  A  scalar  diagonal  inversion  is  applied  to  the  f rat  four  Sow 
equations  and  a  block  diagonal  matrix  inversion  is  performed  on  the 
species  equations. 


■4  Discussion  of  Results 

Calculations  were  performed  with  BTPB  (hydroxyl  terminated 
polybutadiene)  solid  fuel  samples  located  along  the  bottom  surface  of 
a  2-D  chamber  with  an  inlet  height  of  3.175  cm  and  a  length  of  16.24 
cm,  as  shown  in  Pig.  2.  The  sample  spans  7.62  cm  along  the  tower 
boundary  of  the  chamber,  thus  allowing  space  for  adequate  mixing 
and  chemical  reactions  downstream  of  the  fuel  BTPB  was  chosen  for 
this  study  since  it  has  been  characterised21  for  Ha  wide  use  ia  compos¬ 
ite  propellants,  and  it  is  an  energetic  binder  commonly  found  in  soCd 
fuels.1-*  *■“  In  addition,  a  companion  experimental  work  ia  conducted 
with  HTPB-besed  fuels1  under  supersonic  crossflow  conditions. 

Tc  Cscilitate  the  gas  phase  analysis,  it  is  assumed  that  butadiene 
(Cg/f «)  is  »he  only  product  released  from  the  fuel  surface.  Thia  simpli¬ 
fication  is  justified  for  the  following  reasons.  First,  viny’eyeJcibexeoe. 
rhe  second-unst  abundant  pyrolytia  product,1**3*  can  be  adequately 
represented  by  butadiene,  since  the  monomer  and  dimer  have  similar 
molecular  stru.-iures  and  kinetic  parameters.  Second,  the  majority  of 
hydrocarbons  tabulated  in  Ref.  17  have  equal  activation  energies  and 
only  a  slight  variation  <u  pre-exponential  factor.  Thu*  the  consideration 
of  additional  fuel  species  would  not  alter  the  kinetic  behavior  of  the  gas 
phase,  finally,  in  the  limit  of  fast  kinetics  with  respect  to  the  diffusion 
process,  one  hydr  i.  athon  may  be  sufficient  to  represent  the  fuel  species, 
and  additional  hydrocarbons  would  not  change  the  fundamental  char¬ 
acteristics  of  the  sample.  With  the  twoetep  reaction  mechanism  of 
Erjs.  (18)  and  (19),  the  gae  phase  contains  six  specie*;  C<ff» ,  Oj,  CO, 
H)0,  CO i,  and  Afj.  The  rate  constants  for  tbecc  reactions  are  given 
in  Reft.  17  and  18. 

Each  calculation  employed  a  120x80  grid.  The  numerical  grid  was 
uniform  in  the  horisootal  direction  with  a  spacing  of  0,129  era.  Since 
many  important  physical  pioctssc#  occur  ia  the  region  immediately 
shove  the  sample  surf  .vt,  the  numerical  grid  was  cluttered  vertically 
near  the  surface  with  the  smallest  grid  being  45  microns  ia  height.  Foe 
each  computation,  the  total  mass  flowrate  of  the  ram  air  and  pyrolysed 
fuel  was  conserved  to  within  0.1%  at  the  exit.  The  scheme  required 
approximately  42  psec  of  CPU  time  per  iteration  per  grid  point  on  a 
Cray  Y-MP  machine. 

Figure  3  shows  the  contour  plot*  for  Mach  number,  temperature 
and  pressure  for  the  baseline  case  with  a  inlet  Mach  number  of  2,  aa 
inlet  static  temperature  of  1400  K,  and  an  inlet  static  pressure  of  l 
atiaos.vhere.  The  Mach- number  contours  are  incremented  by  Q.l,  tem¬ 
perature  contour*  by  100  K,  and  pressure  cootoun  by  0.02  atm.  These 
figures  only  shoe*  the  bottom  third  of  the  combust  too  chamber  and  have 
bee*  magnified  in  the  y-dimlioc  by  a  factor  cf  tea  to  resolve  the  Sow 
MrutUrat  nearest  the  surface.  In  Fig.  3a,  a  weak  inlet  .'hoc*  occurs  at 
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the  entrance  due  to  the  abrupt  deceleration  of  the  flow  at  the  aurface  lo 
satisfy  tht  no-slip  condition.  This  deceleration  enhances  temperature 
recovery  and  heat  transfer  at  the  surface.  Immediately  downstream 
of  the  entrance,  the  temperature  plot  shews  a  series  of  clraely  spaced 
contours,  indicating  the  leading  edge  of  the  Same  with  a  maximum 
temperature  of  almost  2500  K.  "t  he  heat  released  by  chemirai  reactions 
causes  another  oblique  shock  wave  originating  from  the  flame  tone, 
which  is  evidenced  in  Fig.  3c.  This  wave  travels  upward  to  the  line  of 
symmetry  and  meets  a  similar  wave  coming  down  from  ’.he  upper  half 
of  the  chamber.  The  right-running  wave  then  reflects  off  the  bottom 
aurface,  moves  upward  again  and  finally  exit*  tne  chamber.  These 
reflected  waves  ca-hte  the  fluctuating  Mack-number  contours  shown  in 
Fig.  3a.  As  the  flow  creases  this  shock  structure,  it  first  decelerates  by 
passing  through  a  reflected  compression  wave,  then  accelerates  through 
aa  expansion  caused  by  the  distributed  reaction  zone  near  the  surface. 

The  masa  fr  ictions  of  butad'en*  and  oxygen  are  presented  m  Fig 
4.  There  plots  show  only  the  bottom  sixth  of  the  chamber  (y  =  0  5  cm) 

The  fuel  species  are  generated  from  the  sample  surface,  then  diffuse  to¬ 
ward  the  freeatream  to  mix  and  burn  with  oxygen  At  the  iniet  ’o  the 
chamber,  the  oxygen  is  uniformly  distributed  with  a  mess  fraction  of 
0.23.  It  is  then  consumed  by  the  chemical  rtaction  which  generates  i 
maximum  flame  temperature  of  2500  K.  The  flame  temperature  dima- 
bhis  downstream  because  of  heat  transfer  back  to  the  fuel  sample  and 
a  reduction  in  chemical  reactions  caused  by  a.i  oxygen  aeficiency  at 
the  fuel  surface.  The  maximum  temperature  at  each  axial  station  oc¬ 
curs  in  a  region  where  mas*  fractions  of  oxygen  and  butadiene  are  near 
stoichiometric.  .The  temperature  then  drops  off  from  this  region  due 
to  fuel-rich  condition*  towazd  the  surface  and  oxygen-rich  conditions 
toward  the  freestream  The  vertical  location  of  maximum  temperature 
ia  determined  by  the  -ate  of  diffusion  and  blowing  of  pyrclyied  fuel-rich 
gs set  into  the  crossflow.  Finally,  the  species  distributions  show  incom¬ 
plete  ccammption  of  butadiene  at  the  exit  along  with  the  -omplete 
consumption  of  oxygen  near  the  surface,  which  suggests  that  further 
entrainment  of  oxygen  or  perhap*  better  mixing  between  the  fuel  and 
oxidixer  will  improve  combustion  efficiency. 

Figure  5  show*  the  burning  rate  of  UTFS  for  the  baseline  cane.  At 
tfce  inkt,  the  leading  edge  c f  the  fuel  sample  experiences  the  temoera- 
ture  recow-.y  and  enhanced  heat  transfer  due  ta  the  abrupt  decelera’-on 
of  the  Sow,  resulting  in  a  burning  rate  slightly  higher  than  succeeding 
location*  along  the  sample.  Immediately  downstream  of  Ue  inlet  is  a 
large  peak  with  a  burning  rate  ofl.13  mm/eec  and  surface  temperature 
of  1060  K.  This  is  a  result  of  the  intense  convective  and  resistive  beat 
feedback  from  th*  Same  to  the  fuel  surface.  As  the  fi'siK  tempera¬ 
ture  decrease*  downstream,  the  heat  transfer  to  the  ro’<d  boundary  is 
reduced,  resulting  in  a  decaying  profile  of  the  burning  **t*. 

A  plot  of  csrface  pressure  is  shown  in  rig.  0.  The  first  two 
peaks  in  this  curve  are  due  to  the  in’et  shock  and  burning  phenomenon 
mentioned  urtvioualy.  After  paasage  of  the  secortl  peak,  the  pressure 
abruptly  decreases,  then  mc.-eases  slowly  along  the  length  of  the  fuel 
csrapie  from  x  =  .020  to  x  =  .075  m.  The  slight  pressure  rise  can 
bs  explained  qualitatively  by  comparing  ibis  situation  to  a  constant- 
area  tube  with  supersonic  flow  and  heat  .xdcitios  (by  extern*!  means 
or  chemical  reaction),  in  which  a  similar  pressure  mcreaie  occurs  along 
the  length  of  the  tube  Finally,  the  thud  peak  to  ta:  curve  results  from 
the  reflected  oblique  shock  wave  and  subsequent  expansion  evident  in 
Fij.  3c. 

In  order  to  study  the  effect  of  freestream  conditions  on  the  burning 
characteristics  of  the  sample,  calculations  were  alx  carried  out  v-ith  dif¬ 
ferent  pressures  .usd  temptrstutes.  Figure*  7a  ana  7b  show  the  results 
for  so  inlet  pressure  of  five  atmospheres,  with  other  conditions  remain¬ 
ing  She  same  as  the  baseline  case.  Compared  to  the  baseline  ewe,  the 
flame- treat  a  shifted  siightly  upstream  with  s  shorter  stand-off  dirSscct 
from  the  fuel  vurfscu.  Furthermore,  the  maximum  Same  temperature 
is  increased  by  350  K.  The  shift  in  the  flame- fit;  fit  location  and  the 
decrease  in  stand-off  distance  are  due  to  She  increasing  gas-phsx  reac¬ 
tion  rata*  with  pressure,  whereas  th*  rise  in  Asms  temperature  can  be 
attributed  to  the  five-fold  increase  in  oxMiwr  partial  pressure  Because 
toose  oxygen  was  supplied  to  the  corrtuttioo  chamber  for  reaction,  the 
exit  temperature  to*  the  surface  has  also  increased  by  approximately 
250  K.  to  addition  to  the  faster  kinetics,  the  burning  rate  of  the  solid 
find  has  iaereassi  conoids  rabiy  sine*  tbe  Came  ii  «  a  higher  tempera- 
ti-r*  and  is  closer  to  the  boundary,  esasing  the  radiative  sad  convccti-t 
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best  feedback  <4  increase  •ij^oiAcMstly.  The  curve  shown  in  Fig.  8  has 
a  peak  burning  rate  of  J.S5  ram/eee,  nearly  40%  higher  than  that  in 
the  baseline  ease. 
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Figure  8.  Solid  Furl  Burning  Rate; 

Ma,=10.  Te,=  1400K.  p„=5  atm 


A  calculation  with  an  increased  inlet  temperature  of  1800  K  «v 
alaa  performed.  Results  for  thia  case  were  similar  to  the  previous  cal¬ 
culation  with  a  higher  pressure,  in  which  the  flame-front  was  shifted 
upstream  due  to  enhanced  chemical  reaction  rates  at  elevated  pressure. 
Compared  to  the  baseline  ease,  the  maximum  flame  temperature  in¬ 
creased  by  nearly  400  K,  corresponding  to  the  400  K  rise  in  the  inlet 
temperature.  On  the  average,  the  burning  rale  of  the  solid  fuel  in¬ 
creased  by  15%  along  the  length  of  the  sample  became  of  the  higher 
flame  temperature  and  intensified  beat  transfer  from  the  flame  to  the 
surface. 

Increased  inlet  temperature  and  pressure  have  shown  to  enbsnce 
the  regression  rate  of  the  fuel  (sample.  To  further  assess  the  effects 
of  these  freestream  variables  on  the  combustion  behavior  of  the  aolid 
fuel,  a  burning  rate  parameter  rj  has  been  established  for  comparison 
among  cases.  This  parameter  is  formulated  so  that  its  value  remains 
constant  along  the  length  of  the  sample,  starting  from  the  »vi»l  position 
of  the  leading  edge  of  the  flame  to  the  downstream  end  of  the  fuel.  It 
is  evslusted  by  multiplying  the  burning  rste  of  the  cample  by  a  local 
dimensionless  parameter,  namely 

r‘*= '»■-(!)*  <»> 

where  sis  the  exit!  die  Uses  from  the  inlet,  L  the  total  length  of  the 
fud  sample,  end  r%j,  the  local  solid  fuel  burning  rate  of  the  sample. 
The  exponent  of  $  was  chosen  to  give  the  least  variation  in  rj  along 
ths  length  of  the  sample.  The  axid  distribution  of  :'J  is  presented  is 
Fig.  S  for  various  pressures  and  is  shown  to  be  nearly  constant.  The 
burning  rate  parameter  was  then  plotted  versus  pressure  for  two  differ- 
enl  inlet  temperatures,  giving  the  result  shown  in  Fig.  10.  Ths  burning 
rste  increases  with  preseurs  for  is  vet  si  reasons.  First,  the  molar  eco- 
csntratioo  of  oxygen  in  the  freectreaen  increases  with  inlet  ptsssuK,  to 


more  oxidizer  it  available  for  reaction  with  the  fuel-rich  region  ocad.77 
the  surface.  A  subsequent  rise  in  flame  temperature  intensifies  heat 
transfer  to  tin  surface  and  increases  the  burning  rate.  Second,  the 
gss-phaae  reaction  rates  ire  proportional  is  the  1.15  power  of  pressure 
and  have  a  profound  effect  on  the  flame  thickness.  At  low  pressures, 
kinetic  rates  are  relatively  slow  with  regard  to  the  diffusion  and  mix¬ 
ing  processes  of  the  fuel  and  oxiditer,  so  the  two  species  may  overlap 
to  form  a  widely  distributed  reaction  tone.  However,  at  higher  pres¬ 
sures  the  kinetic  rales  are  feat  enough  for  the  fuel  and  oxidizer  to  react 
upon  contact,  thereby  collapsing  the  re-ction  tone  to  a  thin  sheet  and 
increasing  the  local  heat  of  reaction,  the  flame  temperature,  and  the 
subsequent  radiative  and  convective  heat  transfer  rates  to  the  fuel  sur¬ 
face.  Finally,  the  molecular  diffusion  rate  of  fuel  species  decreases  with 
an  increase  in  pressure,  thereby  bringing  the  flame  closer  to  the  surface 
and  increasing  ths  burning  rate  of  the  solid  fuel.  This  effect  may  only 
be  secondary,  since  other  processes  such  as  turbulence  and  blowing  also 
govern  the  flame  stand-off  height. 


Figure  9.  Axial  Distribution  of  the  Burning  Rate  Parameter 
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Fee  the  operating  rofcjs  cf  1-4  atmosphere*,  the  dependence  of  tit* 
regression  rate  09  ambient  pressure  and  temperature  can  be  ixpre wed 
by  ao  empirical  power  law. 

rju  p "'-’T9*7  (31) 

Tbe  ancient  tamper*-..  -'.cc-tAri  to  have  a  stronger  influence  os  the 
burning  rate  than  does  the  pto-.  -  'Hich  dosciy  corteaponda  to  re¬ 
sults  obtained  tinder  aubeooie  crossflow  '  *<n*  with  polyethylene 
fuel*.*  The  pressure  and  temperature  exponents  .  ”■  75  vd  0.30, 
reapeetively,  for  aubeoaie  cressflov.  conditions.  fUaulfa  uno*. 
aoaie  condition*  show  similar  freeetream  effect*;  however,  cnutioa  roes', 
be  exereiced  in  extrapolating  Eq.  (31)  to  other  cases  beeauae  of  tbe 
difference*  in  operating  range  and  fuel  cempoeitton. 

At  an  inlet  pressure  of  five  atmosphere*.  the  burning  rate  decreases 
slightly  a*  shows  in  Fig.  10.  This  revere*!  in  the  burning  rate  trend  mry 
be  explained  as  follows.  As  tbe  procure  increase*  from  four  to  five  at¬ 
mosphere*,  the  mas*  Sew  of  air  also  increases,  necessitating  an  increase 
ia  tbs  heat  released  by  combustion  to  raise  tbe  total  enthalpy  of  tbe 
product  gases.  Although  the  reaction  rate  is  enhanced  with  pleasure, 
tbe  overall  beat  release  may  cot  increaae  due  to  the  lode  of  additional 
fuei  in  tbe  reactions.  Tbe  mixture  may  reach  a  considerably  fuel-lean 
condition,  and  cannot  auppty  the  necessary  energy  to  raise  the  enthalpy 
of  the  flow.  Consequently,  a  decrease  ic  heat  feedback  to  the  solid  fuel 
ia  observed  causing  a  reversal  of  the  burning  rate  trend  with  pressure. 
The  burning  rate  will  achieve  a  maximum  value  at  some  threshold  pres¬ 
sure,  thee  diminish  due  to  the  finite  energy  released  by  combustion.  !t 
is  interesting  to  note  that  the  combustion  of  solid  propellant*  does  not 
encounter  this  type  of  pressure  threshold  on  the  burning  rate.  The 
burning  rate*  are  proportional  to  pressure  throughout  a  wide  range  of 
chamber  pressures  because  the  oxidiier-to-fuel  ratio  is  fixed  within  tbe 
propellant. 
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The  combustion  of  I1TPB  solid  fuel  armpits  under  supersonic 
crossflow  has  been  studied  using  a  comprehensive  numerical  analy¬ 
sis.  The  formulation  is  based  on  the  full  two-dimensional  Navier- 
Stokes  equations  with  finite-rate  chemistry  and  variable  properties. 
Tbs  Baldwin- Lomax  algebraic  model  was  employed  for  turbulence  clo¬ 
sure.  The  governing  equations  were  solved  numerically  using  a  flux- 
vector  splitting  LU-SSOR  technique  that  treats  sourc*  terms  implicitly. 
Results  showed  a  distinct  flame  region  above  the  fuel  (ample.  Inlet  con¬ 
ditions  were  varied  for  several  esses  to  determine  the  effect  of  pressure 
and  temperature  on  tbe  combustion  behavior.  For  the  operating  rang* 
considered,  result*  indicated  that  both  pressure  and  temperature  bad 
a  strong  influence  on  tbe  solid  fuel  burning  rate,  and  that  tbe  burning 
rate  increases  with  pressure  at  low  inlet  pressure*  from  M  atmosphere*. 
At  a  higher  pressure,  the  energy  released  by  combustion  is  not  suffi¬ 
cient  to  further  raise  the  temperature  of  the  crossflow.  This  results  in 
a  decrease  in  heat  feedback  to  the  fuel  sample,  causing  a  reversal  of  the 
burning  rate  trend  with  pressure. 

Acknowledgements 


This  paper  represents  a  part  of  the  research  work  conducted  un¬ 
der  the  sponsorship  of  tint  Office  of  Naval  Research,  Arlington,  VA, 
Cootrac.  No.  N00014-86-K-0468.  The  support  and  encouragement  of 
Dm.  Richard  S.  Miller  and  Gabriel  D.  Roy  are  highly  appreciated. 
The  autbora  would  like  to  thank  Dra.  J.  S.  Shoes  end  K.  C-  Hakh  of 
NASA  Lewis  Research  Center,  for  providing  helpful  Lfoemnlioa  and 
diactsaaioaa.  In  addition,  the  authors  wish  to  acknowledge  tbs  National 
Science  Foundation  for  providing  CPU  time  on  the  CRAY  Y-MP  at 
tbe  Pittsburgh  Supercomputing  Center. 


Sc&ttua 

1.  Btllig,  F.  S,,  V/altrup,  P.  J.,  and  Stoekbridge,  R.  D.,  “luu  -ral-ftecktt 
Dual-Combustion  Ramjets:  A  New  Propulsion  Concept.”  J'mal  0/ 
Specter*/!  and  Rockett,  Vol.  17,  No.  5.  Sept  -Oct.  1980.  pp.  4  '-<24. 

2.  Snyder,  T.  S..  Jarymowycx,  T.  A.,  Hrieh,  W.  H.,  Peretr.  A  ,  Yan? 
V.,  and  Kuo,  K.  K..  “Pyrolysis  and  Combus.ton  of  Sxlid  Tueia  under 
Subsonic  and  Supersonic  Conditions,"  Protrrdinyj  »/  tilth  J  A  A’jV  A  F 
Combust io»  Meeting,  Oct.,  1983. 

3.  Snyder,  T.  S.,  Jarymowyrx,  T.  A  ,  Pace.  K  K  .  and  Kuo.  K  K., 
“St-1 4  fuel  Ignition  and  Combustion  Charieterveus*  Under  High-Speed 
CroahouV  AIAA  Paper  NV  90-2075.  AIaA/ASME/SAE/ASE! 
2flth  Joint  propulsion  Conference,  Orlando,  FI.  July.  1990. 

4.  Joulam,  P.,  Most,  J.,  Satal,  B.,  and  Vantelon.  J..  Theoretical 
and  Experimental  htudy  of  Gas-Solid  Combustion  in  Turbulent  Flow.* 
Combustion  Science  sad  Technology,  Vol.  15.  1977,  pp  225-241 

5.  Mady,  C.  J.,  Hickey,  P.  Y.,  and  Netaer,  D  W.,  “Combustion  Behav¬ 
ior  of  Solid-FUel  Ramjets,”  reran!  of  Spoccctcft  sad  Rockets,  Vol.  15, 
No.  3.  May-June  1578,  pp.  U.  132. 

d.  Schulte,  G.,  “Fuel  Regression  ar.1  Flame  Stabilization  Studies  of  a 
Solid-Fuel  Ramjet,”  Journal  cf  Propulsion  and  Power,  Vol  2,  No.  4, 
July-  Aug.  lSSS.  pp.  301-304. 

7.  Netxer,  A.,  and  Gany,  A.,  “Burning  si:-’  Fiameholding  Character¬ 
istics  of  a  Miniature  Solid  FUel  Ramjet  Com,  istor."  AIAA  Paper  No 
88-3044,  AIAA/ASME/SAE/ASEE  24th  Joint.  Propulsion  Conference. 
Boston,  MA,  July,  1988. 

8.  Gany,  A.,  sna  Netxer,  D.  W ,  “Combu-tion  Studies  of 
Metallised  Fuels  for  Solid  Fuel  Ramjets.”  AIAA  Paper  85-1177, 
AIAA/ASME/SAE/ASEE  21st  Joint  Propulsion  Conference.  Mon¬ 
terey,  CA,  July,  1985. 

9.  Scott,  C.  K.,  and  Netxer,  D.  W.,  "MetaUixed  Fuel  Burnir.;-  Char¬ 
acteristics  in  tbe  Solid  Fuel  Ramjet,"  Proceedings  of  Mnd  J  A  l' SAP 
Combustion  Mctt mg,  CPLA  Publication  No.  488,  Vol.  I,  October  1388. 

10.  Hsieh,  W.  H.,  Peretx,  A.,  Huang,  1.  T„  and  Kuo  K  K..  “Combua- 
tica  Behavior  of  Boron-Based  BAMO/NMMO  Fuel- Rich  Solid  Propel¬ 
lants, *  AIAA  Paper  89-2884,  AIAA/  ASME/SAE/ASEE  25th  Joint 
Propulsion  Conference,  Monterey,  CA,  July,  1989. 

11.  Sherwood,  T.  K.,  Pigford,  R.  L.,  and  Wilke,  C.  R.,  Mass  Tnntftr, 
McGraw-Hill  Publishing  Co..  New  York,  NY.  1975. 

12.  Williams,  F.  A.,  Combustion  Theory,  2nd  Edition,  8ea- 
jiRtin/Cummings  Publishing  Co.,  Menlo  Peek,  CA,  1985.  pp.  631-645. 

13.  McBride,  B.  J.,  and  Gocdoo,  S.,  “FORTRAN  IV  Program  for 
Calculation  of  Thtrmodynamic  Data,"  NASA  TN  D-4097.  1967. 

14.  Reid,  R.  C.,  Prausoits,  J.  M.,  and  Poliog,  B.  E.  ,  The  Properties 
of  Guts  snd  Lifuiis,  4th  Edition,  McGraw-Hill  Publishing  Co.,  New 
York,  NY,  1987. 

15.  Baldwin,  B.  S.,  and  Lomax,  H.,  Thin  layer  Approximation  and 
Algebraic  Model  for  Separated  TUrbuient  Fb«»."  AlA/.  Paper  78-257. 
16th  Aerospace  Science*  Meeting,  Huntsville.  AL.  Jsn„  1278. 

IS.  Inetopera,  F.  P.,  and  DeWitt,  D.  P.,  FunJur.cnich  of  Hut  sad 
Hots  Tnntftr,  T*  Ed.,  John  Wiley  aad  Sou.  New  York,  1985,  pp. 
657-861. 


17.  Westbrook,  C.  K.,  and  Dryer,  F.  L.,  “Simplified  Reaction  Mecb*- 
o ams  for  the  Oxidation  of  Hydrocarbon  Fuel*  la  Flame* ,*  Cemiaeti* a 
Science  <s i  Tteknolon,  Vol.  27, 1981,  pp.  31-43. 

18.  Dtyer,  F.  L.,  end  Glaesman,  1.,  “Higb-Temperature  Oxidation  of 
CO  end  CH,  ,*  PreettiUgi  of  Foortetttk  Spmpotinm  ( Intonation  tl) 
on  Comktition,  1972,  pp.  967-1003. 

19.  Yooa,  S.,  end  Jameson,  A.,  “An  LU-S50R  Scheme  for  the  Euler 
esd  Navier-Stoke*  Equations, *  At AA  Paper  87-0000,  25th  Aercwpace 
Science*  Meeting,  Reno,  NV,  Jan.,  1987. 

20.  Jarceeri,  A.,  and  Yoon,  S..  “Lower-Upper  Implicit  Scheme*  with 
Multiple  Gride  for  the  Euler  Equation*,”  AlAA  Journal.  VoL  25,  No. 
7.  July  1987,  cp.  929-935. 


21.  Sbuen, 3.,  and  Yoon,  S..  “Numerical  Study  of  Chemically  React¬ 
ing  Flow*  Using  a  Lower-tipper  Symmetric  Sueceeeive  Overrelaxation 
Scheme,"  At  A  A  JonnnL  Vol.  27,  No.  12.  Dec.  1989,  pp.  1752-1780. 

22.  Cohen,  N.  S.,  Fleming,  Ft.  W.,  and  Derr.  R.  L.,  “Role  of  Binder* 
la  Solid  Propellent  Combuation,”  AlAA  Joint!,  Vol.  12,  No.  2,  Feb. 
1674,  pp.  212-218. 


23.  Schulte,  G.,  Peis,  R.,  and  Hog],  A.,  "Temperature  and  Concen¬ 
tration  Maaeuremaau  in  a  Solid  Hv*l  lUaryot  Combuatioa  Chamber,’ 
Journtl  of  Pnpvliion  end  Fewer,  Vol.  3,  No.  2.  March-April  1987, 
pp.  114-120. 


24.  Ericaeoo,  I.,  “Sequential  Pyrolysis  Gaa  Chromatographic  Study 
of  the  Decomposition  Kinetic*  of  Ci*-l,4-Polybut*diece Journtl  tf 
CZromatognphic  Science,  Vol,  18,  1978,  pp.  340-344. 

35.  Braxior,  P.  W.,  and  SchwarU,  N.  V.,  "The  Effect  of  Seating  Rate 
on  the  Thermal  Degradation  of  Poiybutadiene,"  Joint!  of  AppiiU 
Pelrntr  Science,  Vol.  22,  1978,  pp.  113-124. 


APPENDIX  1.4 

EFFECT  OF  MAGNESIUM-COATED  BORON  PARTICLES  ON  BURNING 
CHARACTERISTICS  OF  SOLID  FUELS  IN  HIGH-SPEED  CROSSFLOWS 

K.  K.  Pace,  T.A.  Jarymowycz,  V.  Yang,  and  K.  K.  Kuo 
Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park  PA  16802 


ABSTRACT 

An  experimental  investigation  of  the  ignition  and  combustion  phenomena  of 
boron-iaden  solid  fuels  under  high  subsonic  crossflows  was  conducted. 
Hydroxyl-terminated  polybutadiene  (HTPB)-based  fuels  containing  boron 
particles  with  and  without  magnesium  coatings  were  studied  using  a  real-time 
x-ray  radiography  system  and  direct  video.  The  effect  of  pressure,  oxygen  mass 
fraction,  and  percent  of  magnesium  coating  on  the  regression  rates  of  the  solid 
fuels  was  determined  and  burning  rate  correlation  was  obtained.  At  low 
pressures  (below  0.55  MPa),  fuels  with  the  magnesium-coated  particles 
experienced  higher  burning  rates  than  those  of  the  uncoated  particles.  This  is 
due  to  the  reduction  of  Ignition  time  of  coated  boron  particles  heated  by  the 
surface  reactions  between  magnesium  and  oxygen.  However,  at  higher 
pressures  magnesium  coating  of  the  boron  particles  has  diminishing  effect  on 
the  regression  rates  of  the  solid  fuels.  This  trend  is  caused  by  the  decrease  in 
th9  contribution  of  heat  generation  from  surface  reactions  to  the  overall  heat 
feedback.  The  effect  of  boron  type  on  solid-fuel  combustion  was  also  studied. 
High  purity  boron  with' smaller  particle  size  was  found  to  give  higher  solid  fuel 
regression  rates. 


1.  INTRODUCTION 

Many  experimental  and  theoretical  studies  have  been  conducted  k  investigate 
the  feasibility  of  boron  particles  as  a  solid-fuel  ingredient  for  air-breathing 
propulsion  systems,  such  as  solid-fuel  ramjet  engines  and  sclid-props'lant 
ducted  rackets.  The  interest,  in  boron  stems  from  its  high  volumetric  heating 
value,  which  makes  it  an  attractive  fuel  additive  for  volume- limited  missions. 
However,  problems  associated  with  ignition  delay  and  combustion  efficiency 
often  prevent  boron  particles  from  delivering  their  maximum  potential.  An 
understanding  of  boron  combustion  is  necessary  to  alleviate  these  problems 
and  to  optimize  the  use  of  boron, 

A  study  by  Jarymowycz  et  al.  (1990)  showed  that  tna  addition  of  up  to  10% 
boron  particles  by  weight  in  HTPB-based  fuels  increases  the  burning  rates  by 
approximately  10  percent,  while  further  boron  addition  causes  tfrs  regression 
rates  to  decrease.  The  increase  in  burning  rates  with  the  addition  of  smai! 
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transfer  back  to  the  fuel  surface,  thereby  increasing  the  regression  rate  of  the 
fuel.  The  decrease  in  performance  with  boron  addition  beyond  1 0%  can  be 
attributed  to  several  factors.  Unreacted  boron  particles  in  the  gas  phase  can  act 
as  a  heat  sink  and  reduce  the  gas-phase  temperature;  accumulation  of  boron 
.particles  on  and  above  the  sample  surface  can  block  the  heat  feedback  to  the 
surface  and  thus  reduce  the  surface  pyrolysis;  and  the  overall  reduction  of 
HTPB  in  the  solid  fuel  may  decrease  the  amount  of  exothermic  heat  release 
from  the  gas-phase  reactions,  thereby  preventing  complete  combustion  of  the 
boron  particles.  Pein  et  al.  (1989)  also  studied  the  effects  of  boron  addition  on 
HTPB-based  solid  fuel  combustion  and  obtained  similar  results.  They  noticed 
an  increase  in  specific  thrust  and  combustion  efficiency  with  boron  addition  up 
to  20  percent,  and  a  reversal  in  this  trend  for  boron  addition  beyond  20  percent. 
The  observations  listed  above  for  the  burning  rate  trends  can  also  be  used  to 
describe  the  changes  in  specific  thrust  and  efficiency  with  boron  addition.  The 
reasons  why  the  maximum  performance  levels  occur  at  different  boron 
percentages  for  the  two  studies  is  unclear,  but  are  most  likely  due  to  different 
testing  environments  or  data  reduction  procedures. 

The  study  by  Pein  et  al.  also  employed  air  swirl  in  the  combustion  chamber  to 
improve  the  combustion  efficiencies  of  the  boron-laden  fuels.  Without  swirl  the 
maximum  efficiency  achieved  was  only  40  percent.  However,  with  the  addition 
of  air  swir!  this  efficiency  was  increased  to  60  percent.  This  improvement  can 
be  attributed  to  enhanced  mixing  and  increased  particle  residence  times  in  the 
combustion  chamber,  which  ultimately  result  in  higher  temperatures  and  better 
performance. 

Poor  combustion  efficiency  has  also  been  encountered  with  boron  fuels  at  low 
pressures  in  afterburner  applications.  These  problems  have  motivated  studies 
of  ignition  and  combustion  characteristics  of  individual  boron  particles.  King  ~ 
(1982)  developed  a  single-particle  model  which  described  the  removal  of  the 
inhibiting  boron-oxide  (B2O3)  layer  surrounding  the  boron  particle  during  the 
ignition  process.  The  ignition  sequence  allows  for  convective  and  radiative 
heating/cooling  of  the  particle,  oxygen  diffusion  through  the  oxide  layer  for 
exothermic  reactions  between  boron  and  oxygen  in  the  subsurface  regions, 
endothermic  reactions  between  B2C2  and  water  vapor  on  the  outer  surface  of 
the  particle,  and  cooling  by  evaporation.  To  achieve  ignition,  a  sufficiently  high 
panicle  temperature  must  be  reached  such  that  the  oxide  layer  is  removed  and 
vigorous  heterogeneous  reactions  between  the  boron  and  oxygen  occur, 
ignition  delay  times  were  found  to  depend  strongly  on  the  panicle  size,  oxide 
layer  thickness,  and  ambient  conditions  surrounding  boron  particles.  Under  the 
conditions  studied  by  King,  ignition  times  were  reduced  by  raising  the  ambient 
temperature,  increasing  the  oxygen  concentration,  reducing  the  particle 
diameter,  and  minimizing  the  initial  oxide  layer  thickness. 

According  to  Childs  et  al.  (1971)  and  Yuasa  and  Takeno  (1982),  magnesium 
can  be  used  in  combination  with  boron  in  solid  fuels  to  shorten  ignition  delay 
times  and  improve  combustion  efficiency.  Based  upon  Chen  et  al.(1 988), 
although  magnesium  contains  a  lower  heat  of  combustion  than  boron,  its  oxide 
layer  is  thinner  and  more  gas  permeable,  thus  the  ambient  gases  can  diffuse 
thiough  to  the  magnesium  more  easily.  This  allows  for  more  abundant 
exothermic  reactions  beneath  the  surface  layer,  providing  shorter  ignition  delay 
times.  In  addition,  when  used  in  conjunction  with  boron,  magnesium  can  react 
with  82O3  to  form  elementary  boron  at  high  temperatures  (Nemodruk  and 
Karalcva  (1989)].  This  reaction  (known  as  the  “Moissan  Process")  may 
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decrease  the  delay  time  needed  for  the  boron  particles  to  ignite  because  the 
elementary  boron  is  exposed  to  an  oxidizing  atmosphere  sooner  than  it  wcuid 
be  under  cases  without  magnesium.  Thus,  boron  and  magnesium  particles  can 
be  used  together  to  generate  better  performances. 

A  new  technique  has  recently  been  developed  in  which  boron  particles  are 
coated  with  magnesium  [Criner  and  Kosowski  (1990)  and  Calcote  et  al.  (1990)]. 
In  Criner  and  Kosowski’s  work,  the  coating  is  applied  before  a  substantial  oxide 
layer  has  formed  on  the  boron.  This  method  is  proposed  to  be  superior  to 
conventional  mixing  of  boron  and  magnesium  powders  becausa  the  exothermic 
reactions  between  the  magnesium  and  oxidizer  promote  a  fast  increase  in 
particle  temperature,  and  the  initially  thin  B2O3  layer  will  be  quickly  removed 
through  reaction  with  the  magnesium  or  evaporation.  Preliminary  observations 
of  the  combustion  of  the  boron  particles  with  up  to  30  weight  percentage  of 
magnesium  coating  showed  that  the  burning  rates  increased  with  magnesium 
addition.  The  most  significant  improvement  was  found  with  20%  addition. 

Amorphous  boron  powder  can  be  manufactured  and  processed  using  several 
different  techniques.  The  method  used  can  significantly  affect  the  purity,  particle 
size,  shape,  and  surface  characteristics  of  the  boron  powder.  Variation  in  these 
physical  and  chemical  pioperties  can  influence  the  ignition  and  combustion 
characteristics  of  the  boron  powders. 

This  study  is  part  of  an  ongoing  research  effort  to  investigate  ignition  and 
combustion  characteristics  of  boron-containing  solid  fuels  under  high-speed 
crossflows.  The  specific  purpose  of  this  study  is  to  determine  the  effects  of 
magnesium  coating  on  the  combustion  of  boron-laden  solid  fuels.  Experiments 
were  conducted  to  study  the  combustion  characteristics  of  the  solid  fuels  and  to 
determine  their  burning  rates  as  a  function  of  the  percent  loading  of  the 
magnesium  coating,  as  well  as  the  freestream  pressure,  temperature,  and 
oxygen  concentration.  In  addition,  two  different  brands  of  uncoated  boron 
particles  were  tested. 


2.  EXPERIMENTAL  APPROACH 
2.1  Test  Facility 

An  experimental  study  was  conducted  using  a  connected-pipe  facility  as  shown 
in  the  schematic  diagram  of  Fig.  1 .  The  test  rig  receives  compressed  air  from 
two  large  storage  tanks  with  a  combined  capacity  of  72  cubic  meters  and  a 
maximum  pressure  of  4.9  MPa.  Air  from  these  two  tanks  is  mixed  and  burned 
with  propane  in  the  vitiator  to  achieve  a  high  temperature  in  the  settling 
chamber.  The  hot  gases  then  accelerate  through  a  nozzle.  Downstream  of  the 
test  section,  an  adjustable  nozzle  chokes  the  flow  and  controls  the  Mach 
number  in  the  test  chamber.  The  facility  is  capable  of  providing  vitiated  air  at  a 
high-velocity  crossflow  with  a  static  pressure  range  of  0.1  to  0.62  MPa  in  the  test 
section,  simulating  the  combustion  chamber  conditions  of  a  hypersonic  vehicle 
at  high  altitudes.  The  maximum  flowrate  attainable  is  8  kg/s  with  a  duration  of 
four  minutes  at  the  highest  pressure. 

Pressure  and  temperature  measurements  are  taken  at  several  locations:  in  the 
settling  chamber,  upstream  of  the  first  nozzle,  at  the  inlet  of  the  combustion 
chamber,  and  downstream  of  the  solid  fuel  sample.  Data  are  not  taken  in  the 
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Station 

CrabtuMoa 

1  Air  Storage  Tank  cfeMBbw 

2  Pneumatic  Ball  Valve 

3  Vitiator 

4  Settling  Chamber 

5  Converging-Diverging  Nozzle 

6  Test  Section  (Fuel  Sample) 

7  Doirastrsam  Adjustable  Nozzle 
Fig.  1  Schematic  diagram  of  connected-pipe  facility. 

regions  surrounding  the  fuel  sample,  since  measurements  in  these  locations 
would  interfere  with  the  x-ray  radiography  and  video  systems.  Steady  flow 
conditions  are  achieved  by  means  of  a  feedback  control  loop  between  a 
pneumatic  ball  valve  in  the  air  supply  line  and  a  pressure  transducer  in  the 
settling  chamber,  with  a  maximum  fluctuation  of  1  percent  in  the  stagnation 
pressure.  Combustion  chamber  temperature  and  pressure  are  monitored  at  the 
locations  shown  in  Fig.  2.  Temperature  measurements  are  obtained  using 
R-type  (platinum/platinum-1 3%  rhodium)  thermocouples.  An  IBM  PC/AT 
computer  records  all  temperature  and  pressure  measurements  using  a 
Metrabyte  DAS-16  high-speed  data  acquisition  system. 

The  high-enthalpy  flow  enters  the  combustion  chamber  through  a  short  and 
straight  rectangular  inlet  measuring  3.18  cm  in  height,  10.16  cm  in  width,  and 
10.8  cm  in  lengtn,  as  depicted  in  Fig.  2.  This  inlet  flow  has  a  Reynolds  number 
based  on  the  inlet  height  of  approximately  1  x  106  before  passing  over  a 
rearward-facing  step  into  the  test  section.  The  solid  fuei  sample  is  placed 
directly  behind  this  step.  The  initial  step  height  is  kept  constant  at  1.27  cm  for  all 
tests,  creating  a  recirculation  zone  with  sufficient  dimensions  for  achieving 
ignition  and  stable  combustion  of  the  fuel  sample,  and  leaving  adequate  space 
for  boundary  layer  redevelopment  in  the  downstream  portion  of  the  fuel  sample. 

2.2  Solid  Fuels 

All  fuels  studied  in  this  work  were  processed  by  mixing  liquid  HTPB  binder 
(ARCO  R45-M)  and  10%  of  boron  powder  by  weight  with  the  curing  agent 
isophsrone  diisocyanaie  (IPDI).  Two  different  brands  of  amorphous  boron 
powder  were  studied,  one  manufactured  by  Callery  Chemical  Company  and  the 
other  by  SB  Boron  Corporation.  The  Callery  boron  has  a  much  higher  purity 
than  the  S3  95  boron  and  a  mean  particle  diameter  approximately  ten  times 
smaller,  as  shown  in  Table  I.  Some  of  the  fuel  samples  were  made  with 
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MEASUREMENT  LOCATIONS  (X.Y): 


1.  PRESSURE -COMBUSTION  CHAMBER  INLET  (-3.01.  2.86) 

2.  TEMPERATURE-  COMBUSTION  CHAMBER  INLET  (-3.31.  2.SB) 


3.  PRESSURE-  TEST  SECTION  (21.27.  1.27) 

«.  TEMPERATURE-  TEST  SECTION  A  (21.27.  -1.27) 


5.  TEMPERATURE-  TEST  SECTION  B  (23.81.  0) 

6.  TEMPERATURE-  TEST  SECTION  C  (26.35.  1.27) 

7.  TEMPERATURE-  TEST  SECTION  0  (28.B9.  2.54) 
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Fig.  2  Schematic  diagram  o*  experimental  combustion  chamber. 


SB  95  boron  powders  coated  with  magnesium  in  amounts  of  10  and  2C  percent 
by  weight.  The  magnesium-coated  boron  particles  were  manufactured  by 
Mach  line. 


The  fuels  were  prepared  by  blending  the  HTPB,  iPDI,  and  boron  powder  in  a 
vacuum  mixer  at  50  °C  for  one  hour.  After  mixing,  the  fuels  were  poured  into  a 
mold  and  degassed  in  a  vacuum  desiccator,  then  cured  at  65  °C  for  four  days. 
The  cured  samples  measured  15.2  cm  in  length,  5.1  cm  in  width,  and  3.2  cm  in 
height. 

2.3  Ignition  System 

All  of  the  tests  performed  in  this  study  utilized  the  hot  crossflow  gases  to  ignite 
the  solid  fuel  sample.  Before  ignition,  air  and  propane  flowrates  were  slowly 
increased  to  raise  the  freestream  pressure  while  a  steady  test  section  inlet 
temperature  was  maintained  (generally  between  500  and  600  K).  When  the 
desired  test  section  inlet  pressure  was  reached,  the  freestream  temperature 
was  adjusted  until  the  hot  crossflow  gases  ignited  the  fuel  sample.  The 
freestream  inlet  temperatures  recorded  at  the  onset  of  solid-fuel  ignition  in  this 
study  were  between  640  and  825  K. 

2.4  Real-Time  X-Ray  Radiography  and  Video  System 

To  determine  the  burning  rates  of  solid  fuels  accurately  and  non-intrusively,  a 
real-time  x-ray  radiography  system  was  used,  as  shown  in  Fig,  3.  A  continuous 
wave  x-ray  is  generated  by  a  constant  potential  power  supply  system  and  is 
delivered  to  the  x-ray  tube  head.  A  lead  diaphragm  is  located  at  the  exit  port  of 


Table  1  Properties  of  Amorphous  Boron  Powders 
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Callflty-BPIQD 

Purity  (%)  >  99 

Impurities  (%)  not  available 


Particle  Size  (pm)  0.04-0.15 

Malting  Point  (deg  C)  2,300 


95.5-96.5 
1. 0-1.1  Mg, 

<  0.5  H2O2 

<  0.25  moisture 

<  0.2  H2O  soluble 
0.8-1. 0 

2,160 


the  tube  head  to  limit  the  angle  of  divergence  of  the  x-ray  beam  and  to  confine 
the  beam  to  the  measuring  section  of  the  test  rig.  Graphite  and  LEXAN 
windows  are  installed  on  botn  sides  of  the  viewing  area  to  facilitate  :<-ray 
penetration.  After  passing  through  the  test  rig,  x-ray  signals  are  transformed  to 
fluorescent  light  signals  on  the  output  screen  of  a  tri-field  image  intensifier.  The 
intensifier  output  is  recorded  by  a  video  camera.  After  the  completion  of  each 
test,  the  regression  rate  of  the  fuel  sample  is  deduced  using  a  Quantax  9210 
digital  image  processing  ystem. 

Direct  video  is  also  employed  to  study  the  burning  phenomena  of  the  solid 
fuels.  The  top  view  of  the  solid  fuel  is  captured  through  a  quartz  window  (see 
Fig.  2)  to  study  surface  ignition,  flame  spreading,  and  combustion  processes. 


Fig.  3  Schematic  diagram  of  real-time  x-ray  radiography  system. 


*  obtained  from  manufacturers’  data  sheets 


Another  video  camera  records  the  exhaust  plume  emanating  from  the 
combustion  chamber.  A  more  detailed  description  of  the  experimental  setup 
can  be  found  in  the  Ph.D.  thesis  by  Jarymowycz  (1991). 
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3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Tests  were  performed  under  a  wide  range  of  inlet  conditions,  with  inlet  static 
pressures  from  0.28  to  0.62  MPa,  freestream  temperatures  from  640  to  925  K, 
Mach  numbers  from  0.53  to  0.66,  and  oxygen  mass  tractions  from  0.14  to  0.18. 
Figure  4  shows  a  set  of  typical  combustion  chamber  temperature  and  pressure 
traces  taken  from  locations  3  and  5,  respectively,  as  shown  in  Fig.  2.  An  HTPB- 
based  fuel  sample  containing  10  percent  uncoated  Callery  boron  (denoted  as 
B/Mg/HTPB,  10/0/90)  was  used  for  the  test  and  its  regression-rate  history  is 
superimposed  on  the  figure.  The  regression  rates  are  averaged  values  from  the 
locations  at  6.0,  9.0,  and  12.0  cm  from  the  rearward-facing  step.  The  test  begins 
at  t  =  0  when  air  and  propane  are  intr  }duced  into  the  chamber.  Approximately 
30  seconds  into  the  test,  the  test-section  temperature  is  increased  from  520  to 
610  K  and  pyrolysis  of  the  solid  fuel  begins.  Ignition  occurs  at  41  seconds,  as 
evidenced  by  increases  in  all  three  readings.  The  regression  rate  and 
temperature  both  increase  very  rapidly  at  the  onset  of  ignition  due  to  the  heat 
release  from  the  combustion  of  pyrolyzed  gases  which  accumulate  in  the 
recirculation  zone  before  ignition.  Both  parameters  decrease  following  ignition 
and  maintain  a  fairly  steady  value  during  combustion.  At  the  onset  of  ignition, 
the  pressure  experiences  a  small  rise;  afterward  the  pressure  maintains  a 
nearly  constant  level  throughout  combustion.  The  pressure  increase  at  ignition 
is  caused  by  the  expansion  of  combustion  gases.  The  decrease  in  regression 
rate  at  t  =  64  seconds  is  due  to  the  burnout  of  the  fuel  sample  in  the  downstream 
section. 
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ou  Time  (sec) 

Fig.  4  Combustion  chamber  pressure,  temperature,  and  regression 
rate  histories. 
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Ignition  of  the  boron-laden  solid  fuel  is  aided  by  particle  reactions  on  the 
sample  surface.  Before  ignition,  the  fuel  sample  surfaces  showed  glowing 
particles  in  all  regions  of  the  samples.  However,  ignition  always  occurred  in  the 
recirculation  region  near  the  rearward  facing  step,  with  subsequent  flame 
spreading  over  the  entire  surface.  The  onset  of  ignition  appears  to  be 
dependent  mainly  on  the  freestream  temperature  and  fuel  additives.  Ignition 
occurred  at  freestream  temperatures  between  640  and  800  K  for  the  majority  of 
the  tests  with  fuel  samples  containing  magnesium-coated  boron  particles,  and 
between  725  and  820  K  for  the  samples  with  uncoated  boron  panicles. 

A  study  by  Laurendeau  (1968)  consistently  found  the  particle  ignition 
temperatures  of  magnesium  to  be  very  close  to  its  melting  point  (922  K)  in  a 
variety  of  experimental  environments.  In  contrast,  the  ambient  temperatures 
required  for  full  ignition  of  boron  are  generally  much  higher,  above  2500  K  [King 
(1982)].  Thus,  higher  freestream  temperatures  are  expected  for  ignition  of  the 
boron-laden  fuels  without  magnesium  since  more  energy  is  needed  to  ignite 
these  particles.  Ignition  of  the  solid  fuels  at  freestream  temperatures  well  below 
the  boron  and  magnesium  particle  ignition  temperatures  is  caused  by  the 
presence  of  localized  hot  spots  generated  by  the  exothermic  reactions  between 
particles.  These  spots  become  reaction  sites  for  the  pyroiyzed  fuel-rich  species 
and  air  mixture.  Once  the  fuel  sample  sustains  combustion,  ejected  particles 
can  fully  ignite  by  passing  though  the  established  flame  zone. 

A  limited  number  of  HTPB-based  samples  containing  no  boron  (B/Mg/HTPB, 
0/0/100)  were  also  tested.  Without  the  boron  or  magnesium  reactions  to 
promote  ignition  of  the  fuel  samples,  ignition  was  not  attained  below 
temperatures  of  890  K.  However,  when  the  first  0.5  cm  of  the  fuel  sample 
(behind  the  rearward-facing  step)  was  replaced  with  a  section  of  boron-laden 
fuel  (B/Mg/HTPB,  10/0/90),  ignition  and  sustained  combustion  was  achieved  at 
800  K.  This  substantiates  the  hypotheses  that  the  particle  reactions  serve  as 
the  ignition  source  for  the  samples. 

Figure  5  compares  the  influence  of  freestream  pressure  on  regression  rates  for 
SB  95  and  Callery  boron-laden  solid  fuels  (B/Mg/HTPB,  10/0/90).  The 
regression  rates  are  averaged  over  the  first  12  seconds  following  the  attainment 
of  steady  state  ignition.  During  this  time  period  the  fuel  web  thickness  is 
sufficiently  thick  and  the  step  height  relatively  constant  to  ensure  consistent 
results.  Similar  regression-rate  dependencies  on  pressure  are  observed  for  the 
Callery  and  SB  95  boron-laden  fuels.  The  regression  rates  increase  with 
pressure,  with  the  strongest  dependency  at  high  pressures.  The  increased 
burning-rate  dependence  at  high  pressures  may  be  caused  by  increased 
radiative  heat  transfer  from  the  combustion  products  back  to  the  fuel  sample. 
The  formation  of  soot  as  a  combustion  product  in  hydrocarbon  fuels  is  greatly 
enhanced  at  high  pressures.  According  to  Sarofim  and  Hottel  (1978),  soot  can 
double  or  triple  the  heat  radiated  by  the  gaseous  products  to  the  fuel  sample, 
augmenting  the  burning  rate  by  increasing  the  fuel  surface  temperature. 

Similar  regression-rate  dependencies  on  pressure  were  found  for 
polymethylmethacrylate  (PMMA)  solid  fuels  in  a  study  by  Korting  et  al.  (1990), 

Figure  5  also  shows  the  effect  of  boron  type  on  the  regression  rate  of  the  fuel 
samples.  The  regression  rates  of  the  Callery  boron-laden  fuels  were  found  to 
be  approximately  7  to  10  percent  higher  than  those  of  the  SB  95  boron.  Tho 
different  purities  of  the  two  boron  types  is  one  possible  explanation  for  the 
differences  in  the  regression  rates.  The  impurities  found  in  the  SB  95  boron 
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Fig.  5  Burning-rate  dependence  or,  freestream  pressure  and  boron  type  for 
HTPB-based  fuels. 

(mainly  Mg,  H202,  and  moisture)  diminish  the  available  energy  release.  In 
addition,  the  Caliery  boron  particles  are  approximately  10  times  smaller  than 
the  SB  95  boron  particles,  as  listed  in  Table  1 .  In  the  review  paper  by  King 
(1982),  burn-time  data  for  small  particles  ( <  40  pm  )  were  reported  to  follow  the 
d1  law,  which  would  predict  a  much  shorter  burn  time  for  the  Caliery  boron¬ 
laden  fuels  than  the  SB  95  boron  fuels. 

The  effective  difference  in  boron  particle  size  may  be  reduced  by  particle 
agglomeration  that  occurs  during  storage  and  in  fuel  processing.  Scanning 
Electron  Microscope  (SEM)  photographs  of  the  Caliery  and  SB  95  boron-laden 
fuel  samples  are  shown  in  Figs.  6  and  7,  respectively.  In  Fig.  6,  Caliery  boron 
particles  smaller  than  1  micron  are  abundant  on  the  sample,  while  a  few  larger 
particles  (1  -3  microns)  are  also  evident.  These  micrographs  suggest  that  there 
is  some  agglomeration  of  the  particles,  which  were  originally  between  0.04  and 
0.15  microns,  however  the  average  boron  particle  diameter  is  still  smaller  than 
1  micron.  The  micrograph  of  the  SB  95  boron  fuel  sample  of  Fig.  7  also  shows 
some  agglomeration.  The  average  particle  size  appears  to  have  increased  from 
the  original  diameters  of  0.8  to  1 .0  micron,  to  around  3  microns  in  diameter. 
Thus,  after  fuel  processing  there  is  still  a  substantial  difference  in  average 
particle  diameters  for  the  two  types  of  boron. 

The  effect  of  magnesium  coating  of  boron  particles  on  solid  fuel  regression 
versus  pressure  is  shown  in  Fig.  8.  At  low  pressures,  the  samples  with  the 
magnesium-coated  particles  experience  a  higher  regression  rate  than  the 
uncoated  boron  particle  sample.  The  B/Mg/HTPB  (8/2/90)  fuel  has  a  burning 
rate  almost  25  percent  higher  than  that  of  the  uncoated  boron  particle  samples 
at  0.35  MPa.  The  lower  burning  rates  of  samples  containing  uncoated  oarticles 
are  believed  to  be  caused  by  longer  particle  ignition  delay  times.  The  uncoated 
boron  particles  are  surrounded  by  inhibiting  boron-oxide  layers,  which  prevent 
direct  contact  between  the  boron  particles  and  the  surrounding  oxidizer.  For 
ignition  to  occur;  the  boron-oxide  layer  must  first  be  removed  by  substantially 
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Fig.  6  SEM  photograph  of  Fig.  7  SEM  photograph  of 

Callery  boron-laden  fuel  sampie.  SB  95  boron-laden  fuel  sample. 


raising  the  particle  temperature  so  that  the  oxide  layer  evaporates  or  is 
consumed  by  chemical  reactions.  The  time  required  to  remove  this  layer  is 
governed  by  rates  of  convective  heating  and  exothermic  or  endothermic 
reactions  occurring  on  or  beneath  the  particie  surface.  When  the  boron 
particles  (with  B2O3  layers)  are  coated  with  a  layer  of  magnesium,  the 
magnesium  ignites  much  more  readily  with  the  surrounding  oxidizer,  and 
transfers  a  portion  of  the  energy  release  to  the  boron  particle.  The  energy 
transfer  from  magnesium  reactions  occurs  more  efficiently  than  the  convective 
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Fig.  8  Burning-rate  dependence  on  freestrearn  pressure  and  magnesium¬ 
coating  percentage  for  HTPB-based  fuels. 
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or  seif-heating  processes  which  the  uncoated  particle  relies  upon,  in  this 
manner,  ths  particle  temperature  rises  quickly,  resulting  in  a  shorter  ignition* 
delay  time  and  higher  burning  rates  for  fuel  samples  containing  magnesium* 
coated  boron  particles. 

At  high  pressures,  the  magnesium  coating  does  not  appear  to  enhance  the 
burning  rates  of  solid  fuels.  Figure  8  shows  that  the  burning  rate  curves  for  fueis 
with  magnesium-coated  particles  converge  to  the  burning  rate  curve  for  fuels 
with  uncoated  particles  at  pressures  above  0.55  MPa.  This  trend  is  more  clear 
in  Fig.  9,  where  the  burning  rates  are  plotted  versus  the  oxygen  partial  pressure. 

At  the  higher  pressures,  gas-phase  reaction  rates  increase,  resulting  in  higher 
temperatures  and  greater  heat  transfer  to  the  particles.  This  minimizes  the 
dependence  on  the  magnesium  reactions  to  provide  the  requirec  energy  for 
boron  particle  ignition,  leading  to  the  merging  of  the  burning  rate  curve  that  is 
observed. 
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Fig.  9  Burning-rate  dependence  on  oxygen  partial  pressum  and  magnesium¬ 
coating  percentage  for  HTPB-based  fuGls. 


Another  factor  in  the  merging  of  the  three  regression  rate  curves  is  the  decrease 
in  combustion  energy  of  the  boron  particles  with  magnesium  coating. 
Magnesium  has  less  than  one  half  the  gravimetric  heating  vaiue  of  boron. 
Replacing  20  percent  of  the  boron  with  magnesium  decreases  the  overall 
heating  vaiue  of  the  particle  by  slightly  more  than  i  0  percent.  At  conditions  for 
which  reduction  of  ignition  delay  due  to  magnesium  coating  is  not  substantial, 
such  as  at  high  pressures,  the  regression  rates  could  even  be  lower  for  the 
magnesium  coated  boron  fuels.  ' 


In  order  to  assess  the  effects  of  pressure,  oxygen  mass  fraction,  and 
magnesium  coating  percentage  on  the  burning  rates  of  the  SB  95  boron-loaded 
fuels  in  a  more  general  and  quantified  sense,  the  independent  variables  were  fit 
to  a  power  law  of  the  following  form: 


(1) 


rb  =  a  (p/Patm)b 

where  the  pre-exponentia!  constant  a  and  the  pressure  exponent  b  are 
functions  of  the  fraction  of  magnesium  contained  in  the  fuel  i'f'Mg}-  The  terms 
Patm  and  Y02ref are  reIer8nc£  values  of  1  atm  and  0.233,  respectively.  Data 

from  17  tests  were  entered  into  an  algorithm  for  least-squares  estimation  of 
nonlinear  parameters  [Marquardt  (1SS3)].  The  tests  had  pressures  ranging  from 
.276  to  .620  MPa,  and  oxygen  mass  tractions  from  0.137  to  0.174.  There  were 
no  significant  variations  in  temperatures  or  Mach  numbers;  therefore,  they  are 
not  included  in  this  data  analysis.  The  correlation  obtained  is  shown  below. 

rt=  (0.17  +  2  AH' Mg)  (p/patm)0-72^-°-B-5^Mg)  [Y02rfo2refPM  (2> 

The  pressure  exponent  of  0.72  for  HTPB-based  fuels  with  uncoated  SB  95 
boron  particles  is  comparable  to  the  burning-rate  dependence  on  pressure  for 
fuels  loaded  with  Callery  boron  [Jarymowycz  (1991)]  The  effect  of  magnesium 
loading  on  the  pressure  exponent  appears  large;  however,  the  fraction  of 
magnesium  in  these  samples  only  ranges  from  0.0  to  0.02,  which  would  reduce 
the  pressure  exponent  by  a  maximum  of  17  percent.  The  power  law  expression 
predicts  increased  burning  rate  with  maqneslum  addition  at  low  pressures,  and 
a  reversal  in  this  trend  at  high  pressure.  This  is  consistent  with  the  results 
presented  in  Rg.  8.  The  freestream  oxygen  mass-fraction  exponent  of  0.33 
signifies  its  importance.  The  comparison  of  measured  and  predicted  burning 
rates  of  B/Mg/HTPB  fuels  with  SB  boron  is  shown  in  Rg.  10.  Equation  2  is 
highly  suitable  for  predicting  fuel  regression  rates;  however,  discretion  should 
be  used  before  extrapolating  this  correlation  to  higher  magnesium 
concentrations. 
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Fig.  10  Comparison  of  measured  and  predicted  burning  rates  for  SB  boron¬ 
laden  fuels  with  magnesium  coating. 


4.  SUMMARY  AND  CONCLUSIONS 
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An  experimental  approach  was  employed  to  study  the  combustion  behavior  of 
boron-laden  solid  fuels  under  high-speed  crossflows.  Boron  particles  coated 
with  magnesium  were  added  to  HTPB-based  solid  fuels  and  the  regression 
•ates  and  burning  characteristics  were  compared  to  those  of  solid  fueis  with 
uncoated  boron  particles,  in  addition,  two  different  types  of  boron  were  studied 
to  determine  the  effect  of  boron  type  on  the  combustion  of  solid  fuels.  The 
regression  rates  of  the  solid  fuels  were  determined  through  instantaneous 
surface  profiles  obtained  by  a  non-intrusive  real-time  x-ray  radiography  system. 

Ignition  of  the  fuel  samples  was  found  to  be  initiated  by  particle  reactions  on  the 
sample  surface  in  the  recirculation  zone.  The  freestream  temperatures  required 
to  ignite  the  magnesium-coated  boron  fuel  samples  were  lower  than  those 
required  for  the  uncoated  boron  fuels.  This  is  attributed  to  the  lower  ambient 
temperature  required  for  magnesium  ignition. 

Fuels  with  boron  particles  of  high  purity  and  small  mean  diameter  experienced 
higher  regression  rates  than  fueis  with  particles  of  slightly  lower  purity  and 
approximately  10  times  larger  mean  diameters.  SEM  photographs  showed  that 
although  agglomeration  of  the  particles  occurred  in  the  fuel  samples,  a 
substantial  difference  in  particle  diameters  for  the  two  types  of  boron  remained 

At  low  pressures  (below  0.55  MPa),  the  addition  of  magnesium-coated  boron 
particles  to  the  fuel  samples  increases  the  burning  rates  over  those  with  the 
uncoated  boron  particies.  The  augmented  burning  rates  at  low  pressures  are 
due  to  the  additional  heat  generated  by  magnesium/oxygen  reactions  which 
occur  more  rapidly  than  borcn/oxygen  reactions. 

At  higher  pressures,  solid  fuels  with  coated  boron  particles  have  regression 
rates  similar  to  those  with  uncoated-boron  samples.  At  these  conditions,  gas- 
phase  reaction  rates  and  conductive  heat  transfer  to  the  particles  are  higher  for 
both  types  of  particles.  Therefore  the  relative  importance  of  surface  heat 
release  by  magnesium/oxygen  reactions  is  reduced,  in  addition,  magnesium- 
coated  boron  particies  contain  slightly  isss  combustion  energy  than  the 
uncoated  boron  particles. 

The  effects  of  pressure,  oxygen  mass  fraction,  and  percent  coating  of 
magnesium  on  the  regression  rates  of  the  soid  fuels  were  determined  and  a 
burning  rate  correlation  was  obtained  from  this  data.  Pressure  was  found  to 
have  the  greatest  influence  on  the  regression  rates,  with  an  exponent  of  0.72 
that  decreased  slightly  with  the  magnesium  coating  addition.  The  oxygen  mass 
fraction  exponent  was  0.38. 

in  these  tests,  magnesium  coating  was  applied  to  the  boron  particles  of  lower 
purity  and  larger  diameters.  Gains  incurred  by  magnesium  coating  are  offset  by 
the  lower  burning  rates  of  theses  particles.  Coating  the  high  purity,  small 
diameter  boron  with  magnesium  may  provide  additional  regression  rate 
increases. 
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Experimental  Study  of  Solid  Fuel  Ignition  and  Combustion 
Under  High-Velocity  Crossflows 

T.  A.  Jarymowycz,*  K.  K.  Pace,*  T.  S.  Snyder,*  V.  Yang,+  and  K.  K.  Kuo++ 

Department  of  Mechanical  Engineering 
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Abstract 

The  combustion  behavior  of  hydroxyl  terminated  polybutadiene  (HTPB)  based  solid 
fuels  with  boron  particles  were  studied  under  both  subsonic  and  supersonic  crossflows  using 
a  connected-pipe  test  facility.  The  Mach  numbers  ranged  from  0.47  to  0.74  for  subsonic 
tests,  while  supersonic  tests  were  conducted  at  a  fixed  Mach  number  of  1.5.  Instantaneous 
surface  profiles  of  the  solid  fuels  were  obtained  using  a  real-time  x-ray  radiography  sys¬ 
tem.  For  solid  fuels  without  boron,  auto-ignition  of  the  pyrolyzed  fuel-rich  species  and  air 
mixture  can  be  achieved  in  the  gas  phase  at  sufficiently  high  iniet  temperatures  without 
the  slid  of  an  external  ignition  source.  However,  addition  of  a  small  amount  of  boron  to 
the  fuels  decreases  the  minimum  temperature  required  for  ignition,  since  reacting  boron 
particles  on  the  sample  surface  serve  as  a  local  heat  source  for  igniting  the  pyrolyzed 
fuel-rich  species.  Subsonic  combustion  studies  revealed  that  regression  rates  were  highly 
dependent  on  freestream  static  pressures,  and  less  dependent  on  temperature  and  mass 
flux.  The  addition  of  boron  particles  (up  to  10  percent  by  weight)  to  the  HTPB  fuels 
considerably  increased  the  burning  rates  of  the  fuels.  The  dependence  of  regression  rate 
cn  temperature  also  increased  with  boron  addition  due  to  the  enhanced  radiative  and 
convective  heat  feedback  from  the  condensed-phase  reactions  at  elevated  temperatures.  A 
burning-rate  correlation  was  obtained  in  terms  of  pressure,  temperature,  mass  flux,  and 
boron  concentration.  Combustion  of  solid  fuels  under  supersonic  crossflows  was  also  suc¬ 
cessfully  demonstrated.  For  these  tests,  it  was  necessary  to  increase  the  size  of  the  flame 
stabilization  region  to  promote  ignition  of  the  solid-fuel  sample. 
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Nomenclature 


a 

b 

B 

c 

d 

G 

m 

P 

rb 

T 


=  Pre-exponential  factor 
=  Pressure  exponent 
=  Boron  mass  fraction  in  solid  fuel 
=  Temperature  exponent 
=  Mass  flux  exponent 
=  Mass  flux 

=  Mass  flowrate  of  oxidizer  stream 
=  Freestream  static  pressure 
=  Burning  rate  of  solid  fuel 
=  Freestream  temperature 


1.  Introduction 

The  solid  fuel  ramjet  (SFRJ)  has  the  potential  for  achieving  high  performance  levels 
with  the  advantage  of  being  simple  and  compact.  For  the  SFRJ  to  become  a  viable  air- 
breathing  engine,  it  must  demonstrate  efficient  operation  under  a  wide  range  of  Mach 
numbers  and  altitudes.  Furthermore,  it  may  incorporate  energetic  fuel  additives  such  as 
boron  or  metallic  powders  to  maximize  performance  during  volume-limited  missions. 

Several  investigations1-'  have  already  been  conducted  to  determine  the  effects  of 
freestream  conditions  (including  pressure,  temperature,  and  flowrate)  on  the  burning  rates 
of  homogeneous  solid  fuels  in  ramjet  environments.  Korting  et.  al.1  studied  the  combustion 
behavior  of  polymethylmethacrylate  (PMMA)  at  low  mass  flowrates  using  a  connected- 
pipe  test  facility.  Results  indicated  that  regression  rates  were  hardly  dependent  on  pressure 
for  freestream  pressures  below  0.65  MPa,  but  at  higher  pressures  where  soot  production 
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becomes  significant,  the  burning  rate  increases  with  pressure  according  to  the  power  rule 
of  pu'56.  This  is  in  reasonable  agreement  with  PMMA  combustion  studies  summarized  by 
Mady  et  al.2  Furthermore,  at  low  pressures  the  burning  rates  are  strongly  dependent  on 
the  convective  heat  transfer  rates  which  are  influenced  by  inlet  temperature  and  total  mass 
flux,  but  at  higher  pressures  this  dependence  is  weaker  due  to  the  increase  in  radiative  heat 
transfer. 

The  combustion  of  polyethylene  (PE)  fuels  has  also  been  studied  in  SFRJ  combustion 
chambers.3-5  In  low  pressure  environments  (less  than  0.6  MPa),  Elands  et  al.3  noticed 
a  slight  dependence  of  burning  rate  on  pressure.  The  effects  of  temperature  and  mass 
flowrate  are  greater  and  in  accordance  with  the  rela  tions  T0'58  and  m0  56,  where  T  andm 
are  free^tream  temperature  and  flowrate,  respectively.  These  findings  compared  reasonably 
well  with  predicted  data  from  a  numerical  modei  which  calculated  burning  rates  as  func¬ 
tions  of  T,  p,  and  m.  At  higher  masf  flowrates  the  temperature  dependency  was  slightly 
lower,  with  the  exponent  decreasing  to  G.50.4  An  additional  effect  of  port  diameter  on 
regression  rate  was  also  noticed.  Increasing  the  port  area,  while  keeping  such  influence 
parameters  as  temperature,  pressure,  and  mass  flux  constant,  decreased  the  regression 
rates.  This  effect  may  be  due  to  a  change  in  fuel/oxidizer  ratio  caused  by  the  increase  in 
oxidizer  mass  flowrate  needed  to  keep  the  mass  flux  constant.  The  mixture  may  become 
fuel  lean  and  cannot  supply  the  necessary  energy  to  raise  the  enthalpy  of  the  flow,  con¬ 
sequently  reducing  the  heat  feedback  to  the  fuel  sample  and  decreasing  the  burning  rate. 
Ocher  possible  factors  include  the  increase  in  radius  of  curvature,  and  the  change  in  turbu¬ 
lence  structure.  Schulte  et  al.5  performed  temperature  and  concentration  measurements 
in  an  SFRJ  comb'istion  chamber  and  showed  that  the  flowfieid  in  the  combustor  could 
be  divided  into  two  regions:  an  air-rich  core  and  a  high- temperature  zone  of  combustion 
products  closer  to  the  wall.  These  two  zones  did  not  mix  completely,  and  the  addition  of 
an  aft  mixing  chamber  would  have  been  beneficial  to  the  combustion  process. 
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The  effects  of  energetic  additives  on  the  combustion  processes  of  hydroxyl  terminated 
polybutadiene  (HTPB)  fuels  have  also  been  investigated.  Snyder  et  al.6  studied  the  effects 
of  boron  percentage  on  the  burning  rates  of  HTPB-based  fuels  by  adding  small  fractions  of 
boron  powders  to  enhance  the  ignition  and  combustion  characteristics  of  the  fuel  samples. 
Regression  rates  were  found  to  increase  with  boron  addition  up  to  10  percent,  but  further 
addition  of  boron  caused  the  bu.  ning  rates  to  decrease.  This  decrease  was  attributed  to 
(1)  the  heat-sink  effect  associated  with  boron  particles  in  the  gas  phase  which  reduces  the 
gas-phase  temperature,  (2)  shielding  of  heat  feedback  to  the  surface  by  the  large  number 
of  boron  particles  above  the  surface,  (3)  reduced  pyrolysis  caused  by  the  accumulation  of 
unreacted  boron  particles  on  the  surface,  and  (4)  decreased  gas-phase  reactions  due  to  the 
smaller  percentage  of  HTPB  contained  in  the  sample.  Pein  et  al.7  also  noted  that  adding 
small  quantities  of  boron  or  boron  carbide  powders  to  the  fuels  increased  specific  thrust 
considerably  because  of  additional  heat  generated  by  the  gas-particle  reactions.  However, 
further  addition  of  these  particles  beyond  20  percent  hampered  combustion  efficiency  and 
specific  thrust,  due  to  reasons  listed  above.  The  effect  of  air  swirl  on  boron  combustion  effi¬ 
ciency  was  found  to  be  beneficial,  since  swirl  enhanced  the  mixing  processes  and  increased 
the  residence  times  within  the  combustor. 

The  previous  studies  have  provided  useful  information  regarding  solid-fuel  combustion; 
however,  the  majority  of  these  studies  were  conducted  in  low-speed  environments.  The 
objective  of  this  research  is  to  determine  the  effect  of  freestream  conditions  such  as  pressure, 
temperature,  and  mass  flux  on  the  burning  rates  of  HTPB-based  solid  fuels  under  a  wide 
range  of  Mach  numbers,  including  both  subsonic  and  supersonic  crossflows.  Consequently, 
the  feasibility  of  solid  fuel  combustion  under  high-velocity  conditions  can  be  investigated. 
The  effect  of  boron  particle  addition  on  the  ignition  and  combustion  characteristics  of  the 
fuel  samples  is  also  determined. 
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2.  Experimental  Approach 


Test  Facility 

In  order  to  understand  the  physical  and  chemical  mechanisms  involved  in  the  com¬ 
bustion  of  solid  fuels,  an  experimental  study  was  conducted  using  a  connected-pipe  facility 
shown  schematically  in  Fig.  1.  The  test  rig  utilizes  compressed  air  from  two  large  storage 
tanks  with  a  combined  capacity  of  72  cubic  meters  and  a  maximum  pressure  of  4.9  MPa. 
Air  from  these  two  tanks  is  mixed  and  burned  with  propane  in  the  vitiator  to  achieve  a 
maximum  temperature  of  1000  K  in  the  settling  chamber,  then  the  hot  gas  passes  through 
a  convergent-divergent  nozzle  which  accelerates  the  flow  to  a  Mach  number  of  1.5.  In  the 
majority  of  tests,  the  mole  fraction  of  oxygen  in  the  vitiated  air  is  fixed  at  approximately 
0.17.  The  facility  is  capable  of  providing  vitiated  air  at  a  high-velocity  crossflow  with  a 
static  pressure  range  of  0.1  to  0.62  MPa  in  the  test  section,  simulating  the  combustion 
chamber  conditions  of  a  hypersonic  vehicle  at  high  altitudes.  The  maximum  flowrate  at¬ 
tainable  is  8  kg/s  with  a  duration  of  four  minutes  at  the  highest  pressure.  For  subsonic 
operation,  the  adjustable  exhaust  nozzle  chokes  the  flow  and  controls  the  Mach  number  in 
the  test  section. 

Pressure  and  temperature  measurements  are  taken  at  several  locations:  the  settling 
chamber,  upstream  of  the  convergent-divergent  nozzle,  the  inlet  of  the  combustion  cham¬ 
ber,  and  downstream  of  the  solid  fuel  sample.  Data  are  not  taken  in  the  regions  surrounding 
the  fuel  sample,  since  mesurements  in  these  locations  would  interfere  with  the  video  sys¬ 
tems.  Steady  flow  conditions  are  achieved  by  means  of  a  feedback  control  loop  between  a 
pneumatic  bail  valve  in  the  air  supply  line  and  a  pressure  transducer  in  the  settling  cham¬ 
ber,  with  a  maximum  fluctuation  of  1  percent  in  the  stagnation  pressure.  Combustion 
instabilities  in  the  vitiator  are  sometimes  encountered  due  to  fuel-rich  conditions  during 
the  startup  procedure,  but  are  quickly  supressed  by  increasing  the  air  flowrate.  At  steady 
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operating  conditions,  the  instabilities  are  not  present.  Combustion  chamber  temperature 
and  pressure  are  monitored  at  the  locations  shown  in  Fig.  2.  Temperature  measurements 
are  obtained  using  R-type  (platinum/platinum-13%  rhodium)  thermocouples.  Radiative 
and  catalytic  effects  on  the  thermocouple  beads  are  found  to  be  negligible  because  of  the 
high  convective  velocity  and  small  bead  size  of  200  microns;  therefore,  no  corrections  are 
made  to  the  temperature  readings.  An  IBM  PC/AT  computer  records  all  temperature  and 
pressure  measurements  using  a  Metrabyte  DAS- 16  high-speed  data  acquisition  system.  A 
detailed  description  of  the  data  acquisition  and  the  flow  measurement  systems  is  available 
in  the  thesis  by  Jarymowycz.8 

The  high-enthalpy  flow  enters  the  combustion  chamber  through  a  short  and  straight 
rectangular  inlet  measuring  3.18  cm  in  height,  10.16  cm  in  width,  and  10.8  cm  in  length, 
as  depicted  in  Fig.  2.  The  inlet  flow  has  a  Reynolds  number  fca/ed  on  the  inlet  height 
of  approximately  lxlO6  before  passing  over  a  rearward-facing  step  into  the  test  section 
The  solid  fuel  sample  is  placed  directly  behind  this  step.  The  initial  step  height  is  kept 
constant  for  all  subsonic  tests  at  1.27  cm,  creating  a  recirculation  zone  with  sufficient 
dimensions  for  achieving  ignition  and  stable  combustion  of  the  fuel  sample,  and  leaving 
adequate  space  for  boundary  layer  redevelopment  in  the  downstream  portion  of  the  fuel 
sample.  During  supersonic  operations,  the  step  height  is  increased  to  1.91  cm  to  provide 
a  larger  recirculation  zone  for  flame  stabilization.  After  ignition,  an  electronic  actuator 
may  be  used  to  feed  the  fuel  sample  upward  in  order  to  study  the  effect  of  step  height  on 
combustion  behavior.  The  sample  feeding  rate  is  on  the  order  of  2.5  cm/s. 

Solid  Fuels 

All  fuels  studied  in  this  work  are  processed  by  mixing  liquid  HTPB  binder  (ARCO 
R45-M)  and  various  percentages  (0-20  by  weight)  of  elemental  boron  powder  with  the 
curing  agent  isophorone  diisocyanate  (IPDI).  Amorphous  boron  powders  added  to  the  fuels 
have  a  purity  of  99.9%  and  an  average  diameter  of  0.9  microns.  The  fuels  are  prepared  by 
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thoroughly  blending  all  of  the  ingredients  in  a  vacuum  mixer  at  50°  C  for  one  hour.  After 
mixing,  the  fuels  are  poured  into  a  mold,  placed  in  a  vacuum  desiccator  for  three  hours, 
then  cured  at  65°C  for  at  least  four  days.  The  samples  measure  15.2  cm  in  length,  5.1  cm 
in  width,  and  3.2  cm  in  height  for  the  subsonic  tests.  During  supersonic  operations,  the 
width  of  the  samples  is  increased  to  the  full  width  of  the  chamber  (10.16  cm)  in  order  to 
prevent  expansion  of  the  gas  to  the  sides  of  the  fuel  sample  and  to  maintain  a  high  pressure 
above  the  fuel  surface.  The  narrower  samples  are  used  for  subsonic  tests  to  avoid  direct 
impingement  of  the  flame  onto  the  side  windows  and  prolong  the  lifetime  of  the  windows. 

Igniter 

A  pyrophoric  liquid,  triethylbcrane  (TEB),  is  injected  into  the  recirculation  ;.one  to 
achieve  ignition  of  the  soiia  fuels.  A  stainless  steel  tube  with  am  outer  diameter  of  0.32 
cm  is  extended  slightly  above  the  sample  surface  to  inject  TEB  paradlel  to  the  top  surface 
of  the  sample  at  am  angle  approximately  60  degrees  from  the  side  walls.  The  injection 
time  is  ordinarily  on  the  order  of  one  second,  then  the  TEB  is  turned  off  after  solid  fuel 
ignition  is  attained.  In  some  cases,  the  soiid  fuel  samples  are  ignited  by  the  hot  crossflow 
gas  without  the  aid  of  TEB,  but  this  is  highly  dependent  upon  freestream  conditions  amd 
fuel  composition. 

Real-Time  X-Ray  Radiography  and  Video  System 

Instantaneous  surface  profiles  of  the  solid  fuels  aire  obtained  using  a  real-time  x-ray 
radiography  system.  The  system,  shown  in  Fig.  3,  consists  of  am  x-ray  source,  an  image 
intensifier  which  receives  the  x-ray  image  through  the  graphite  windows,  and  a  video  cam¬ 
era.  After  completion  of  each  test,  the  regression  rate  of  the  fuel  sample  is  deduced  using 
a  digital  image  processing  system.  This  non-intrusive.  technique  offers  several  advamtages 
over  the  conventional  optical  methods  in  measuring  the  instantaneous  surface  profiles  of 
fuel  samples.  First,  x-rays  easily  identify  the  fuel  surface  by  penetrating  through  the  two- 
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phase  combustion  products  surrounding  the  sample,  which  are  usually  opaque  for  other 
visualization  techniques.  The  flame  does  not  interfere  with  the  interpretation  of  the  sur¬ 
face  profiles,  since  the  luminous  flame  zone  is  not  visible  on  the  x-ray  images.  Second, 
gas  purging  of  the  viewing  windows,  as  required  by  the  direct  photography  technique,  is 
not  necessary  since  deposits  of  fuel  and/or  char  on  the  windows  are  easily  penetrated  by 
the  x-rays.  The  elimination  of  gas  purging  also  simplifies  the  design  of  the  combustion 
chamber.  Third,  the  viewing  area  (6.35  cm  in  height  x  13.3  cm  in  length)  encompasses  a 
large  portion  of  the  fuel  sample  and  its  associated  4eacting  fiowfield,  so  that  the  complete 
surface  profile  is  contained  on  one  image. 

Direct  video  is  also  employed  to  study  the  burning  phenomena  of  the  solid  fuels.  The 
top  view  of  the  solid  fuel  is  captured  through  a  quartz  window  (see  Fig.  2)  to  study  the 
surface  ignition,  flame  spreading,  and  combustion  processes.  Another  video  camera  records 
the  exhaust  plume  emanating  from  the  combustion  chamber. 


3.  Experimental  Results  and  Discussion 

A  series  of  subsonic  and  supersonic  tests  were  performed  using  the  facility  described 
in  the  previous  section.  For  subsonic  crossflow  conditions,  the  inlet  static  pressures  and 
freestream  temperatures  ranged  from  0.26  to  0.57  MPa  and  550  to  1080  K,  respectively. 
Vitiated  air  entered  the  combustion  chamber  at  flowrates  ranging  from  1.1  to  3.1  kg/_ 
and  Mach  numbers  from  0.47  to  0.74.  Figures  4  and  5  show  typical  temperature  and 
pressure  histories  recorded  from  a  subsonic  test  with  a  sample  consisting  of  5  percent 
(by  weight)  boron  in  the  HTPB  binder  (denoted  as  B/HTPB,  5/95).  Ignition  of  the 
propane/air  mixture  in  the  vitiator  occurs  forty  seconds  into  the  test,  as  indicated  by 
the  abrupt  increase  in  temperature  shown  in  Fig.  4.  Prior  to  this  time,  the  cold  air 
is  slowly  introduced  into  the  test  section.  After  ignition  in  the  vitiator,  the  propane 
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and  air  flowrates  are  steadily  increased  to  raise  the  temperature  and  pressure  of  the  hot 
gas.  Heat  transfer  to  the  solid-fuel  sample  raises  the  surface  temperature  of  the  sample, 
and  the  fuel  begins  to  slowly  release  pyrolyzea  fuel-rich  gaseous  species  from  its  surface. 
According  to  the  thermogravimetric  analysis  of  B/HTPB  fuels  at  a  heating  rate  of  100 
deg/ min,9  decomposition  starts  at  approximately  520  K,  and  reaches  a  peak  weight  loss  in 
the  neighborhood  of  680  K,  with  boron  having  only  a  very  limited  effect.  A  dashed  vertical 
line  at  t=64  seconds  in  Fig.  4  represents  the  time  at  which  the  temperature  exceeds  520 
K.  For  this  particular  test,  TEB  injection  is  not  necessary  because  the  temperature  of  the 
vitiated  air  is  sufficiently  high  to  promote  exothermic  surface  reactions  of  boron  particles 
which  serve  as  a  local  ignition  source  for  the  air  and  pyrolyzed  fuel  mixture.  Following 
ignition  of  the  fuel  sample,  the  flowrates  of  propane  and  air  remain  fixed,  resulting  in  a 
constant  pressure  for  the  duration  of  the  combustion  event.  The  occurrence  of  ignition  is 
indicated  by  a  large  spike  in  the  test-section  thermocouple  B  reading,  as  shown  in  Fig.  4. 
The  height  of  the  thermocouple  is  initially  aligned  with  the  sample  surface  prior  to  the  test. 
When  the  fuel  sample  ignites,  the  flame  is  in  close  proximity  to  the  thermocouple;  however, 
as  the  sample  regresses,  the  flame  zone  moves  down  with  the  surface  of  the  sample,  thereby 
increasing  the  distance  between  the  flame  and  thermocouple  and  reducing  the  temperature 
reading.  The  abrupt  drop  in  temperature  at  the  end  of  the  test  is  caused  by  shutdown  of 
the  test  facility. 

Figure  5  shows  three  separate  pressure-time  traces  measured  in  the  settling  chamber, 
combustion  chamber  inlet,  and  test  section.  As  shown  in  these  traces,  ignition  of  the  solid 
fuel  sample  causes  a  small,  abrupt  increase  in  each  pressure  reading.  During  the  combustion 
event,  the  Mach  number  at  the  inlet  is  fixed  at  0.61.  Tills  value  is  calculated  using  the 
static  to  stagnation  pressure  ratio,  then  verified  by  determining  the  correct  pressure  ratio 
based  on  the  inlet  to  nozzle  area  ratio. 

As  mentioned  previously,  auto-ignition  of  the  solid  fuel  cm  be  initiated  by  reactions 
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of  boron  particles  on  the  surface  of  the  fuel  sample.  This  ignition  process  relies  on  several 
important  physical  and  chemical  mechanisms,  including  pyrolysis  of  the  solid  fuel,  mixing 
of  the  pyrolyzed  fuel  rich  sp-.  cies  with  the  oxygen,  and  subsequent  ignition  of  the  mixture 
by  the  reacting  boron  particles.  In  order  to  describe  this  s  quence  in  more  detail,  the 
ignition  process  of  the  boron  particle  is  briefly  summarized  below. 

Previous  studies  of  ignition  and  combustion  of  individual  boron  particles10  indicate 
that  boron  undergoes  a  two-stage  ignition  process.  The  first  stage  begins  with  the  removal 
of  a  thin  inhibitive  oxide  layer  from  the  particle  surface.  Heat  transfer  to  the  particle  melts 
the  oxide  layer  at  723  K,  thereby  allowing  oxygen  to  diffuse  across  the  molten  oxide  layer. 
The  boron/oxygen  reactions  produce  additional  boron  oxide  which  thicken  the  oxide  layer, 
but  also  raise  the  temperature  of  the  particle  due  to  the  exothermicity  of  the  reactions.  This 
initial  rise  in  temperature  is  accompanied  by  the  appearance  of  luminosity,  and  marks  the 
onset  of  the  first  stage  of  particle  ignition.  In  order  for  the  ignition  process  to  continue,  the 
particle  temperature  must  continue  to  rise.  This  occurs  by  further  convective  or  radiative 
heat  transfer  to  the  particle,  which  evaporates  the  oxide  layer  from  the  surface.  In  addition, 
self-heating  from  boron/oxygen  reactions  raises  the  particle  temperature  at  the  expense 
of  borcn  oxide  production.  At  a  sufficiently  high  freestream  temperature  (ca.  1900  K), 
the  evaporation  rate  of  the  boron  oxide  is  high  enough  to  completely  remove  the  oxide 
layer.  The  elemental  boron  is  then  directly  exposed  to  the  oxygen,  giving  rise  to  highly 
exothermic  heterogeneous  reactions  and  the  second  stage  of  particle  ignition.  This  results 
in  full-fiedged  combustion  and  a  much  brighter  flame  surrounding  the  particle. 

Figu'-,*  6  shows  the  top  view  of  the  ignition  sequence  of  a  B/HTPB  (5/95)  fuel  sample. 
The  flow  conditions  are  given  in  Figs.  4  and  5.  The  viewing  area  of  the  window  spans  19 
cm  in  length  by  7  cm  in  width,  and  the  flow  direction  is  from  left  to  right.  Since  the  fuel 
sample  is  15  cm  in  length,  a  small  portion  o’  the  downstream  section  of  the  combustion 
chamber  is  visible  on  the  right  side  of  the  window.  The  temperature  of  the  crossflow  gas 


is  approximately  750  K,  sufficient,  to  melt  the  oxide  layers  on  the  particles  and  promote 
the  first  step  of  particle  ignition.  Figure  6a  reveals  glowing  spots  on  the  fuel  surface  which 
appear  to  be  boron  particles  in  the  flrnt  singe  cf  ignition.  As  shown  in  the  sequential  Figs. 
6a  through  6c  taken  at  a  framing  rate  cf  30  pictures  per  second,  th?  glowing  particles  on 
the  surface  provide  the  heat  necessary  to  ignit®  the  pyrolyzed  fuel-rich  gas  and  air  mixture. 
Ignition  of  the  gas  phase  begins  in  the  recirculation  zone  formed  by  the  rearward  facing 
seep,  and  spreads  downstream  very'  quickly  as  shown  in  Figs.  6c  and  6d.  The  flame¬ 
spreading  process  ordinarily  occurs  in  less  than  O.CS  seconds  for  the  B/HTPB  fuels  used  ir 
this  study.  Finally,  Fig  6e  shows  full-fledged  ignition  of  the  solid  fuel  sample.  The  erratic 
edges  of  the  window  are  video  distortions  caused  by  the  high  noise  level  in  the  test  room. 

After  ignition  of  the  solid  fuel,  the  glowing  boron  particles  are  eject*  d  with  pyrolyzed 
fuel- tv  h  species  into  the  gas-phase  reaction  zone.  The  particles  pass  through  the  flame 
zone,  where  they  are  further  heated  to  the  second-stage  ignition  temperature.  In  summary, 
the  first  ignition  of  boron  particles  aids  in  the  ignition  process  of  the  fuel  sample  by 
providing  a  reaction  site  for  the  pyrolyzed  fuel-rich  species  and  air  mixt  are.  Onr-e  \  he  fuel 
sample  sustains  combustion,  ejected  boron  particles  achieve  their  second  stage  of  ignition 
by  passing  through  the  established  flame  zone. 

Within  the  Mach  number  range  tested  in  this  work,  the  majority  of  boron-laden  solid 
fuels  can.  ignite  at  inlet  temperatures  between  725  and  820  K  without  the  use  of  TEB. 
This  temperature  range  is  very  conducive  to  ignition,  since  HTPB  pyrolyzes  below  this 
temperature  range,  and  boron  particles  begin  their  ignition  process  with  the  melting  of  the 
oxide  layer  at  723  K.  All  of  these  fuels  ignited  in  the  recirculating  region,  even  though  some 
had  glowing  boron  particles  on  the  sides  and  in  the  downstream  region  of  the  sample.  In 
addition,  ignition  of  the  solid  fuel  did  not  instantaneously  occur  when  these  glowing  spots 
were  formed  in  the  recirculation  zone,  but  occurred  only  after  a  sufficient  amount  of  gas 
pyrolyzed  from  the  fuel  surface.  An  attempt  was  made  to  establish  a  correlation  between 


tue  ■  .me  allowed  for  pyrolysis  and  the  ignition  temperature,  but  none  was  found  because 
the  elapsed  time  between  these  two  events  was  primarily  dependent  on  the  test  procedure 
and  the  sequence  in  supplying  propane  and  air  to  the  test  rig. 
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The  ignition  sequence  for  B/HTP3  (0/100)  fuels  without  the  aid  of  TEB  was  slightly 
different  than  that  for  boron-containing  fuels,  since  boron  particles  were  not  available  on 
the  surface  to  promote  ignition.  The  HTPB  fuels  did  ignite  in  the  recirculation  zone; 
however,  the  required  inlet  temperatures  were  beyond  820  K.  The  ignition  event  of  a 
B/HTPB  (0/100)  fuel  is  shown  in  Figs.  7a  through  7e.  Figure  7a  reveals  onset  of  ignitir  n 
of  the  gas-phase  mixture  in  the  recirculation  zone,  and  the  next  three  figures  show  the 
flame-spreading  phenomenon  which  is  similar  to  that  of  the  B/HTPB  (5/95)  fuel.  The 
B/HTPB  (0/100)  fuels  showed  no  indication  of  a  localized  iguition  source  to  initiate  the 
i gm t  ion  process;  instead  ignition  seemed  to  occur  spontaneously  over  a  distributed  region 
in  the  recirculation  zone.  The  flame  spread  slightly  faster  '-ompared  to  the  boron-laden 
fuels,  ’out  this  might  be  due  to  the  faster  kinetics  caused  by  a  higher  inlet  temperature. 

As  previously  mentioned,  TEB  was  available  to  ignite  the  solid  fuel;  however,  it  was 
used  only  under  conditions  which  necessitated  its  use.  Typically,  TEB  was  used  for  those 
tests  with  low  inlet  temperatures  in  which  auto-ignition  of  the  fuel  species  in  the  gas 
phase  was  difficult  to  achieve.  When  the  operating  conditions  matched  the  desired  test 
temperature  and  pressure,  the  TEB  was  injected  and  the  fuel  samples  ignited  within  one 
second  from  he  start  of  injection,  with  the  exception  of  one  test  employing  B/HTPB 
(0/100)  fuel  at  a  low  inlet  temperature.  For  this  particular  test  at  620  K,  the  fuel  sample 
ignited  momentarily  when  TEB  was  injected  for  ten  seconds  above  the  surface;  however, 
the  sample  extinguished  after  the  igniter  was  turned  off.  A  B/HTPB  (10/90)  fuel  sample 
tested  at  a  lower  inlet  temperature  of  550  K  did  ignite  and  sustain  combustion  after  TEB 
Injection.  The  successful  ignition  of  this  fuel  is  most  likely  caused  by  the  increased  surface 
absorptivity  due  to  the  addition  of  boron  particles.  Another  factor  contributing  to  the 
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flame  stabilization  at  low  inlet  temperatures  is  the  increase  in  heat  feedback  to  the  surface 
from  the  ejected  boron  particles  reacting  above  the  solid  fuel. 

Figure  8  shows  the  instantaneous  surface  profiles  deduced  from  the  x-ray  radiography 
system  for  a  B/HTPB  (5/95)  sample  burning  under  a  subsonic  crossflow.  The  profiles  are 
taken  at  axial  locations  4.5  to  13.5  cm  from  the  rearward-facing  step  at  intervals  of  1.5 
cm.  These  profiles  are  not  extended  to  the  full  length  of  the  sample  because  all  of  the  fuels 
experience  some  degree  of  end  burning;  therefore,  data  at  the  15  cm  location  are  not  always 
available.  In  addition,  the  region  upstream  of  the  2.8  cm  location  was  not  visible  due  to 
restrictions  in  the  size  of  the  side  window.  The  dashed  line  corresponds  to  the  fuel  surface 
profile  before  the  test,  and  the  solid  lines  are  the  contours  of  the  sample  taken  after  ignition 
at  five  se  :ond  intervals.  The  first  profile  taken  immediately  after  ignition  of  the  entire  fuel 
sample  at  t=l  10  seconds  shows  the  degree  of  fuel  pyrolysis  prior  to  ignition.  Since  each 
test  necessitates  some  start-up  time  to  achieve  operating  conditions,  all  solid  fuels  exhibit 
similar  pre-ignition  pyrolysis.  The  ruel  surface  profiles  show  an  increased  regression  rate 
in  the  downstream  region  caused  by  enhanced  beat  feedback  fiom  the  diffusion  flame  zone. 
Larger  amounts  of  fuel-rich  species  are  reacted  in  do**  nstream  locations  rather  than  at 
upstream  stations,  because  the  majority  of  the  pyrolyzed  gases  are  transported  downstream 
by  the  shear  flow  before  chemical  reactions  occur.  Thus,  heat  release  in  the  diffusion  flame 
is  greater  in  the  downstream  region. 

Figure  9  shows  the  influence  of  freestream  pressure  on  the  regression  rates  of  HTPB- 
basea  solid  fuels  with  boron  loadings  of  0,  10,  and  15  percent.  The  regression  rates  are 
averaged  values  from  the  locations  at  6.0,  9.0,  and  12.0  cm  from  the  rearward-facing  step, 
which  cover  a  significant  portion  of  the  fuel  sample.  For  these  boron  leadings,  the  burning 
rates  increase  substantially  with  pressure.  Two  mechanisms  can  be  attributed  to  the 
enhanced  burning  rates  at  higher  pressures.  First,  the  gas-phase  kinetics  are  faster,  thus 
shortening  the  flame  standoff  distance  above  the  fuel  surface  and  enhancing  heat  feedback 
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to  the  fuel  sample.  Second,  the  increase  in  pressure  corresponds  to  an  increase  in  oxidizer- 
tc-fuel  ratio,  allowing  additional  reactions  of  oxidizers  with  the  fuel-rich  pyrolysis  products 
and  boron  particles.  This  results  in  higher  flame  temperature  and  greater  heat  transfer 
to  the  fuel  surface,  thus  increasing  the  regression  rate  of  the  solid  fuel.  The  increase  in 
pressure  also  has  an  inverse  effect  on  the  molecular  diffusion  rate  of  the  fuel  species,  which 
may  decrease  the  height  of  the  flame  above  the  surface  and  consequently  alter  the  burning 
rate.  However,  this  effect  may  not  be  significant  because  of  more  pronounced  effects  of 
blowing  and  turbulent  mixing  above  the  surface. 

The  effect  of  boron  on  the  regression  rate  of  the  HTPB  fuels  is  also  studied.  The 
addition  of  10  percent  boron  to  a  pure  HTPB  fuel  increases  the  burning  rate  by  approxi¬ 
mately  10  percent  (assuming  the  slight  difference  in  freestream  temperature  between  the 
0  and  10  percent  boron  curves  is  negligible).  This  increase  appears  to  be  caused  by  the 
additional  convective  and  radiative  heat  transfer  from  the  reacting  particles  to  the  fuel 
surface,  as  well  as  the  increased  radiation  absorptivity  of  the  fuel  surface.  A  higher  boron 
particle  loading  of  15  percent  appears  to  slightly  decrease  the  burning  rate  compared  with 
the  10  percent  boron  fuel.  This  may  be  due  to  the  following  reasons:  (1)  the  decreased 
HTPB  content  in  the  fuel  diminishes  the  gas-phase  reactions  and  reduces  the  energy  supply 
for  complete  ignition  and  combustion  of  boron  particles,  (2)  the  higher  boron  percentage 
increases  the  heat-sink  effect  in  the  gas  phase,  which  reduces  the  flame  temperature  and 
results  in  incomplete  ignition  and  combustion  of  the  particles,  thereby  reducing  the  heat 
feedback  from  the  ejected  particles,  and  (3)  the  heat  feedback  is  diminished  due  to  shield¬ 
ing  caused  by  accumulated  particles  on  the  surface.  Only  a  few  tests  were  conducted  at 
these  higher  loadings  and  more  data  may  be  needed  to  support  these  statements. 

The  effect  of  freestream  temperature  on  the  burning  rates  of  B/HTPB  fuels  with 
particle  loadings  of  0,  o,  and  10  percent  is  presented  in  Fig.  10.  The  burning  rates 
increase  with  freestream  temperature  due  to  enhanced  convective  heat  transfer  to  the  fuel 
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surface  from  the  crossflow  and  faster  chemical  reaction  rates  at  elevated  temperatures. 
The  effect  of  boron  loading  on  temperature  dependence  is  evidenced  by  comparing  the 
slopes  of  the  three  curves.  As  boron  percentage  increases,  the  slopes  of  the  curves  become 
steeper,  demonstrating  a  greater  effect  of  temperature  on  the  boron-loaded  fuels.  This 
may  be  due  to  the  following  factors.  The  rise  in  freestream  temperature  not  only  increases 
the  gas-phase  reaction  rates,  but  also  increases  the  convective  heat  transfer  to  the  boron 
particles,  which  subsequently  decreases  the  heatup  and  ignition  times  of  the  boron  in  the 
gas-phase  reaction  zone  above  the  fuel  sample.  At  lower  inlet  temperatures  the  particles 
may  ignite  but  not  until  they  are  convected  downstream  of  the  solid  fuel  where  less  energy 
can  be  directly  transferred  back  to  the  fuel.  If  the  particles  achieve  ignition  sooner  due  to 
the  higher  inlet  temperatures,  they  can  supplement  the  heat  feedback  to  the  fuel  surface 
with  radiative  and  convective  heat  transfer  from  the  condensed-phase  reactions.  Thus,  the 
increase  in  burning  rates  for  boron-laden  fuels  at  elevated  temperatures  is  due  to  enhanced 
gas-phase  reactions  as  well  as  additional  convective  and  radiative  heat  feedback  from  the 
particles. 

In  order  to  assess  the  effects  of  temperature,  pressure,  and  boron  loading  percentage 
on  the  burning  rates  in  a  more  general  and  quantified  sense,  the  independent  variables 
were  input  into  a  power  law  of  the  form: 


rt=ap,T’Gi  (1) 

where  the  pre-exponential  constant  a  and  the  pressure  exponent  b  are  functions  of  boron 
percentage.  The  units  of  pressure,  temperature,  and  burning  rate  are  MPa,  K,  and  mm/s, 
respectively.  In  this  work,  boron  loading  varied  from  0  to  20  percent,  pressures  <Vom  0.26 
to  0.57  MPa,  temperatures  from  550  to  1080  K,  mass  flux  from  337  to  965  kg/m/s,  and 
Mach  number  from  0.47  to  0.74.  with  an  initial  combustion  chamber  step  height  of  1.27 
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cm.  The  correlation  determined  from  a  least-squares  estimation  of  nonlinear  parameters11 
is  shown  below. 


rb  =(0.06  4-  0.03 B)  p0-8^0"0-283)  T°-28  G0’09  (2) 

Results  from  this  correlation  are  shown  in  Fig.  11,  where  the  predicted  power  law  is  shown 
on  the  horizontal  axis,  and  the  observed  burning  rates  on  the  vertical  axis.  The  diagonal 
line  signifies  agreement  between  predicted  and  observed  burning  rates.  The  data  con  elates 
reasonably  well  for  the  wide  range  of  pressures  and  temperatures,  with  pressure  exhibiting 
the  most  dominating  effect  on  the  burning  rate.  According  to  the  power  law  expression, 
addition  of  boron  to  an  HTPB  fuel  increases  the  burning  rate;  however,  relatively  few 
data  are  available  for  boron  loadings  greater  than  10%,  and  care  must  be  taken  before 
extrapolating  this  equation  to  higher  boron  concentrations. 

Efforts  were  made  to  incorporate  the  effect  of  mass  flux  into  the  correlation,  but  the 
current  results  indicate  only  a  very  weak  effect  on  the  burning  rate,  with  an  exponent 
of  0.09  for  the  mass  flux  in  the  power-law  expression.  Since  mass  flux  is  a  function  of 
pressure,  temperature,  and  Mach  number,  and  no  direct  attempts  were  made  to  keep  the 
pressure  and  temperature  constant  while  changing  the  Mach  number,  it  is  possible  that  the 
major  effects  of  the  mass  flux  are  represented  in  the  pressure  or  temperature  exponents. 
Future  tests  should  incorporate  variations  in  Mach  number  while  keeping  the  remaining 
independent  variables  constant. 

The  combustion  of  solid  fuels  under  supersonic  crossflows  was  also  achieved  with 
B/HTPB  (10/90)  and  B/HTPB  (0/100)  samples  at  a  Mach  number  of  1.5.  The  first 
test  was  conducted  with  B/HTPB  (0/100)  to  determine  the  effect  of  the  step  height  on 
flame  stabilization.  The  initial  step  height  was  1.27  cm  prior  to  the  test.  Under  Mach 
1.5  crossflow  with  a  freestream  temperature  of  900  K  and  static  pressure  of  0.30  MPa, 
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the  fuel  sample  did  not  ignite  with  TEB  injection  To  achieve  ignition,  the  step  height 
was  increased  to  1.9  cm  by  lowering  the  fuel.  With  a  larger  flame  stabilization  region,  the 
fuel  ignited  with  TEB  injection.  After  ignition,  the  TEB  injection  was  turned  off  and  the 
sample  burned  for  approximately  seven  seconds.  No  further  attempts  to  ignite  the  fuel 
sample  were  made  because  the  fuel  sample  had  pyrolyzed  significantly. 

In  order  to  promote  ignition  of  the  B/HTPB  (10/90)  fuel  sample,  the  initial  height 
of  the  rearward-facing  step  was  increased  to  1.91  cm  prior  to  the  succeeding  test.  In  this 
arrangement,  the  top  surface  of  the  fuel  was  directly  in  line  with  the  exit  channel  of  the 
combustion  chamber.  TEB  was  injected  onto  the  surface  of  the  fuel  sample  in  order  to 
achieve  ignition.  As  the  sample  regressed,  a  forward-facing  step  was  formed  at  the  rear  of 
the  sample  with  the  exit  channel.  A  set  of  instantaneous  surface  profiles  from  a  supersonic 
crossflow  test  is  presented  in  Fig.  12.  The  dashed  line  corresponds  to  the  surface  profile 
taken  before  the  test,  while  the  solid  lines  are  contours  taken  during  combustion  of  the 
fuel.  The  first  profile  is  taken  immediately  after  ignition  of  the  entire  fuel  sample  at  t=85 
seconds.  This  profile  indicates  a  significant  amount  of  pyrolysis  in  the  downstream  region 
before  ignition,  with  most  of  the  pyrolysis  occurring  10.5  to  12.0  cm  from  the  rearward- 
facing  step.  After  ignition,  the  average  burning  rate  of  the  sample  is  approximately  0.49 
rxun/s.  Study  of  the  exit  plume  confirms  that  reactions  also  occur  downstream  of  the 
sample  in  the  supersonic  flow. 


5.  Conclusions 

The  combustion  behavior  of  HTPB-based  solid  fuels  with  various  percentages  of  boron 
loading  were  studied  under  both  subsonic  and  supersonic  crossflows,  using  a  connected-pipe 
facility.  A  non-intrusive  real-time  x-ray  radiography  system  was  used  to  obtain  instanta¬ 
neous  surface  profiles  of  the  solid  fuels. 
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The  ignition  sequence  of  boron-laden  fuels  revealed  the  presence  of  glowing  boron 
particles  in  the  early  stages  of  particle  ignition  on  the  fuel  surface.  These  localized  hot 
spots  served  as  the  ignition  source  for  the  solid  fuel  sample.  Autoignition  of  the  boron¬ 
laden  fuels  was  always  initiated  by  the  particles  on  the  sample  surface  in  the  recirculation 
zone  formed  by  the  rearward  facing  step. 

The  ignition  sequence  for  B/HTPB  (0/100)  fuels  was  different  from  that  of  boron¬ 
laden  fuels,  since  only  pyrolyzed  HTPB  fuel  is  involved  in  the  gas-phase  process.  Ignition 
of  pyrolysis  products  of  HTPB  began  in  the  recirculation  zone;  however,  the  required  inlet 
temperatures  were  much  higher.  These  fuels  showed  no  indication  of  a  localized  ignition 
source  to  initiate  the  ignition  process;  instead  ignition  seemed  to  occur  spontaneously  over  a 
distributed  region  in  the  recirculation  zone.  Flame  spreading  over  the  fuel  surface  was  faster 
when  compared  with  the  boron-laden  fuels  partly  because  the  frees tr earn  temperatures  were 
higher. 

All  fuels  tested  under  subsonic  crossflow  exhibited  a  faster  regression  rate  with  in¬ 
creased  distance  from  the  rearward-facing  step.  These  tests  also  revealed  that  regression 
rotes  were  highly  dependent  on  freestream  static  pressures,  and  less  dependent  on  the 
temperature  and  mass  flux.  Two  mechanisms  axe  attributed  to  enhanced  burning  rates 
at  higher  pressures:  (1)  faster  gas-phase  kinetics  which  lead  to  shorter  flame  standoff  dis¬ 
tance  and  increased  heat  feedback  to  the  fuel  surface,  and  (2)  increased  oxidizer-to-fuel 
ratio  u’hich  allows  additional  reactions  of  oxidizers  with  fuel-rich  pyrolysis  products  and 
ejected  boron  particles.  The  addition  of  small  percentages  of  boron  (up  to  10  percent  by 
weight)  significantly  enhanced  the  ignition  and  combustion  characteristics  of  the  sample 
and  increased  the  regression  rates.  The  increase  in  the  regression  rate  is  believed  to  be 
caused  by  the  increase  in  convective  and  radiative  heat  transfer  from  the  reacting  particles 
to  the  fuel  surface,  as  well  as  the  increased  radiation  absorptivity  of  the  fuel  surface.  A 
burning-rate  correlation  was  also  obtained  in  terms  of  pressure,  temperature,  and  boron 
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concentration. 

Combustion  of  solid  fuels  under  supersonic  crossflows  was  also  successfully  demon¬ 
strated.  For  these  tests,  it  was  necessary  to  increase  the  height  of  the  rearward-facing  step 
to  promote  ignition  and  flame  stabilization  of  the  solid  fuel  sample. 
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ABSTRACT 

The  ignition  and  combustion  charac¬ 
teristics  of  HTPB  solid  fuels  with  various 
percentages  of  boron  loadings  have  been 
studied  under  high-speed ,  high-enthalpy 
crossflows.  A  blowdown  wind  tunnel  was 
utilized  to  simulate  a  SFRJ  combustor  with 
pressures  from  0.26  to  0.55  MPa  and  temp¬ 
eratures  from  620  to  1040  K.  Regression 
rates  of  the  solid  fuels  were  determined 
as  a  function  of  boron  percentage  and 
freestream  temperature  and  pressure  using 
a  real-time  X-Ray  radiography  system.  The 
addition  of  10  percent  boron  to  HTPB 
enhanced  the  ignition  characteristics  of 
the  sample  and  resulted  in  the  fastest 
regression  rate.  Samples  loaded  with  high 
percentages  of  boron  had  lower  regression 
rates.  This  decrease  is  caused  by  the 
heat  sink  effect  of  a  large  number  of 
boron  particles,  the  shielding  of  heat 
feedback  from  the  diffusion  flame  to  the 
sample  surface,  and  the  decreased  gas- 
pbase  reactions  by  the  reduction  in  HTPB 
percentage. 

I.  INTRODUCTION 

The  research  and  development  of 
advanced  air-breathing  propulsion  systems 
continue  to  be  of  great  importance  because 
of  the  advantages  of  using  ambient  air  as 
oxidizer.  High  specific  impulse  and  long 
range  can  be  achieved  by  burning  solid 
fuel3  under  subsonic  crossflow  conditions 
in  ramjets,  or  under  supersonic  crossflow 
conditions  in  scranjets.  Efficient  oper¬ 
ation  of  these  combustors  depends  upon: 
1)  self-sustained  combustion  of  the  solid 
fuel  using  a  rearward  facing  step  for 
flame  holding;  2}  adequate  freestream 
temperature,  pressure,  and  mass  flowrate; 
3)  proper  mixing  of  the  oxygen  in  the 
freestream  with  the  pyrolyzed  fuel-rich 
gases;  and  4)  unifora  regression  of  the 
solid  fuel  grain.  once  efficient  com¬ 
bustion  is  demonstrated,  practical  appli¬ 
cations  of  solid  fuel3  can  be  incorporated 
into  propulsion  systems. 

There  have  been  several  research 
efforts  dealing  with  the  combustion 
characteristics  of  3olid  fuels  under  low 
Mach-number  conditions.  Netzer  and  Gany 
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studied  the  effects  of  fuel  port-to-inlet 
area  ratio,  port-to-throat  area  ratio,  and 
freestream  temperature  on  flame  holding  of 
several  solid  fuels.  The  fuels  studied  in 
their,  subscale  combustor  included  poly¬ 
methylmethacrylate  (PMMA) ,  polyethylene 
(PE) ,  and  polybutadiene  (PB) .  They  found 
that  the  flame  holding  characteristics 
could  be  improved  by  increasing  these  area 
ratios  and  the  freestream  temperature. 
Their  results  also  indicate  that  the  flame 
holding  boundary  could  be  broadened  to 
include  lower  area  ratios  if  the  free¬ 
stream  temperature  is  increased.  This 
implies  that  as  the  inlet  temperature  of 
the  ram  air  increases  (i.e.  higher  flight 
Mach  number) ,  the  step  height  required  for 
a  dump  combustor  becomes  smaller.  -Similar 
observations  were  iaada  by  Schulte^  con¬ 
cerning  the  effects  of  area  ratio  on  flame 
stability.  He  observed  that  the  regres¬ 
sion  rate  for  PE  vas  affected  somewhat 
stronger  by  an  increase  in  inlet  air 
temperature  than  by  an  increase  in  the  air 
mass  flux  or  chamber  pressure. 

The  results  obtained  from  these  works 
demonstrate  the  importance  of  combustor 
geometry  and  operating  conditions  on  the 
combustion  of  solid  fuels.  The  geometry 
of  the  combustor  governs  the  flow  charac¬ 
teristics  and  the  mixing  processes  between 
the  pyrolyzed  fuel-rich  gases  and  the 
inlet  air.  In,  addition,  the  reaction 
rates  between  reactants  depends  strongly 
on  the  freestream  temperature  and  chamber 
pressure. 

Gany  and  Netzer3  studied  the  com¬ 
bustion  behavior  of  solid  fuels  highly 
loaded  with  boron,  boron  carbide,  and 
magnesium  particles.  They  concluded  that 
under  regular  dump  combustor  flow  con¬ 
ditions  almost  no  oxygen  exists  at  the 
solid  fuel  surface.  However,  flow 

impingement  on  the  fuel  surface  caused 
surface  heating  and  glowing  by  chemical 
reactions.  These  reactions  promoted  the 
ejection  of  hot  particles  and  large  fuel 
segments  from  tha  surface  reaction  layer 
to  the  freestream. 

Depending  upon  the  reaction  time  of 
the  particles,  ejection  of  particles  from 
the  surface  can  greatly  influence  the 
combustion  efficiency  of  the  solid  fuels 
inside  a  combustor.  High  combustion 
efficiency  can  be  attained  if  the  chemical 
reaction  times  of  the  ejected  particles 
are  smaller  than  their  residence  times  in 
the  combustor.  In  addition,  adequate 
mixing  between  the  fuel-rich  reactants  and 
oxidizer  species  is  necessary  to  decrease 
the  chemical  reaction  time  in  the  gas- 
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phase,  and  tc  provide  a  high  flame  temp¬ 
erature  for  ignition  and  combustion  of 
particles. 

In  a  numerical  study  of  .solid  fuel 
combustion,  Jarymowycz  et  al.  solved  a 
comprehensive  model  with  finite-rate 
chemical  reactions  for  a  hydroxyl-termin¬ 
ated  poiybutadiene  (HTPB)  solid  fuel  under 
supersonic  crossflow  conditions.  The 
model  predicted  steep  transverse  concen¬ 
tration  gradients  of  oxidizer  and  fuel- 
rich  species  in  the  diffusion  flame  zone. 
In  addition,  there  was  a  substantial 
concentration  of  fuel-rich  species  which 
remained  unreacted  at  the  exit  plane  of 
the  combustion  chamber,  indicating  the 

importance  of  mixing  between  the  frea- 
stream  oxidizer  and  the  fuel  species. 

5 

Schulte  et  al.  made  concentration 
measurements  for  the  combustion  of  PE  in  a 
solid  fuel  ramjet  (SFRJ) .  They  found  that 
at  an  axial  position  downstream  of  the 
combustor  entrance,  z/D  »  0.6  (where  z  is 
the  axial  distance  in  the  streamwise 

direction  from  the  step  and  D  is  the  fuel 
port  diameter) ,  the  oxygen  concentration 
va»  on  the  order  of  1  to  3  percent  by 
volume.  The  oxygen  concentration  varied 
significantly  in  the  radial  direction, 
reaching  21  percent  in  the  core  of  the 
freestream.  At  positions  farther  down¬ 
stream,  z/D°l0.0,  the  oxygen  concentration 
in  the  core  region  dropped  to  14  percent, 
indicating  the  occurrence  of  gaa-phase 
reactions.  It  wae  concluded  that  the 
combustion  processes  in  the  recirculation 
zone  take  place  mainly  in  the  shear  layer 
adjacent  to  the  incoming  air  flow.  In  the 
redeveloping  boundary  layer  downstream  of 
the  recirculation  zone,  the  flow  could  be 
divided  into  two  regions;  a  colder  air- 
rich  zone  in  the  core  and  a  zone  of  com¬ 
bustion  products  and  fuel-rich  species 

closer  to  the  wall.  These  two  zones  were 
fcund  not  to  mix  completely  which  empha¬ 
sizes  the  need  for  proper  mixing. 

Schadow  and  Gutmark 6  investigated 
several  different  means  of  enhancing  the 
mixing  process  in  a  simulated  SFRJ  using 
artificially  induced  pressure  oscilla¬ 
tions.  Their  results  indicate  that  the 

temperature  inside  the  combustion  chamber 
can  be  maximized  by  enhanced  mixing.  The 
inherent  effect  of  solid  fuel  composition 
on  the  combustion  process  and  the  sites  of 
chemical  reactions  is  also  important. 

Gany  and  Netzer3  suggested  that  as  the 
concentration  of  volatile  ingredients 
decreases  through  the  increased  loading  of 
metallized  powders,  the  gas-phase  reac¬ 
tions  become  less  intense  and  play  a  less 
important  role  in  the  combustion  process. 
This  indicates  that  the  heterogeneous 
reactions  on  the  surface  become  more 
important  as  particle  loading  increases. 

The  relative  importance  of  the  heter¬ 
ogeneous  reactions  have  been  studied  by 
Snyder  et  al. 7  using  a  CO  laser  as  an 
energy  source  for  ignition.  2 Results  from 
laser  ignition  of  HTPB  with  boron  powders 


clearly  show  that  ignition  of  solid  fuels 
under  no  crossflow  conditions  occurs  in 
the  gas  phase  rather  than  on  '  the  fuel 
surface.  Following  ignition,  the  flame 
front  propagates  toward  the  surface  thus 
increasing  the  heat  transfer  to  the 
surface  and  enhancing  the  heterogeneous 
reactions  on  the  surface.  The  heterogen¬ 
eous  reactions  cause  acre  fuel  *o  pyrolyze 
and  feed  additional  fuel-rich  species  to 
the  gae-phase  reaction  zone.  When  a  low 
speed  crossflow  was  supplied  to  a  region 
directly  above  the  sample,  ignition  was 
observed  in  both  the  gas-phase  and  on  the 
fuel  surface  with  intensified  heterogen¬ 
eous  reactions  on  the  surface.  Comparing 
these  results  to  those  obtained  under  no 
crossflow,  the  addition  of  crossflow  to 
the  region  above  the  fuel  surface  caused 
the  boron  to  react  much  more  vigorously 
resulting  in  increased  heat  feedback,  to 
the  surface  and  the  achievement  of  self- 
sustained  combustion.  In  similar  cross- 
flow  testa  performed  with  HTPB  samples  not 
containing  boron,  only  gas-phase  reactions 
were  observed,  and  self-sustained  combus¬ 
tion  could  not  be  achieved.  This  indi¬ 
cates  that  the  heterogeneous  reactions  on 
the  surface,  caused  by  the  addition  of 
boron  particles,  enhance  both  the  ignition 
and  combustion  processes. 

Combustion  of  boron/HTPB,  carbon 
black/HT?3,  and  boron  mixed  with  an 

energetic  copolymer,  3 , 3-bis (azidemethyl ] 
oxetane  and  3-nitratomethyl-3-methyl 
oxetane  (EAMO/NMKO) ,  were  studied  by 
Snyder  et  al.3  under  high-speed  crossflows 
at  one  atmospheric  pressure  and  a  frae- 
streen  temperature  of  approximately  500 
X.  Under  these  conditions,  the  HXPB-based 
fuels  exibited  poor  ignition  characteris¬ 
tics.  Solid  fuels  containing  50  percent 
boron  were  ignited;  however,  combustion 
wes  limited  to  the  recirculation  zone 
immediately  behind  the  rearward  facing 

step.  Several  bright  spots  were  observed 
downstream  of  the  reaction  zone  on  the 
surface  of  the  sample  indicating  localized 
heterogeneous  reactions.  Tests  were  also 
performed  on  HTPB  solid  fuel  samples  with 
the  addition  of  small  amounts  of  carbon 
black  to  prevent  in-depth  radiative 
heating.  Results  show  that  the  carbon 
black/HTPB  samples  could  not  be  ignited 
even  in  the  recirculation  zone,  and  there 
were  no  signs  of  heterogeneous  reactions 
on  the  surface  of  the  solid  fuel  sample. 
Based  upon  the  comparison  with  boron/HTPB 
fuels,  it  was  concluded  that,  heron  par¬ 
ticles  can  considerably  enhance  the  heat 
release  rate  and  consequently  increase  the 
energy  transferred  to  the  surface  for 
pyrolysis. 

Stable  combustion  of  BAKO/NMMO-based 
solid  fuels  were  achieved  under  relatively 
low  pressure  and  temperature  conditions. 
These  fuels  were  readily  ignited  under  one 
atmospheric  pressure  and  S00  K  freestream 
temperature  because  of  the  lower  pyrolysis 
temperature  and  the  presence  of  nitrates 
in  the  chemical  structure.  The  average 
regression  rate  of  3AMO/NKMO  was  found  to 
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be  0.67  mm/ sec  and  increased  to  1.05 
mm/sec  with  the  addition  of  17.6  percent 
boron,  showing  the  effect  of  boron  in  the 
coabustion  process. 

Based  upon  the  above  studies,  several 
parameters  have  been  found  to  signifi¬ 
cantly  affect  the  combustion  processes 
inside  SFRJ  combustors:  1)  ratios  between 
the  fuel  port  area,  inlet  area,  and  exit 
throat  area;  2)  inlet  air  temperature  and 
pressure;  3)  freestream  velocity  and 
turbulence  intensity;  4)  composition  of 
solid  fuels  and;  S)  the  type  and  size 
distribution  of  solid  particles  added  to 
the  solid  fuel. 

The  objectives  of  this  paper  are: 

1.  To  determine  the  effect  of 

boron  addition  (from  0  to  50 
weight  percent)  on  the  ignita- 
bility  and  regression  rate  of 
KTPB-based  solid  fuels. 

2.  To  determine  the  effect  of 

freestream  temperature  and 
pressure  on  the  ignitability 
and  regression  rate  of  solid 
fuels. 

3.  To  obtain  experimental  results 
as  a  database  for  future  model 
validation  of  solid  fuel 
burning  under  high-speed,  high- 
enthalpy  crossflows. 

II.  BXPEKIMENTAI  APPROACH 
Blowdown  Wind  Tunnel 


4  SctUiof  Chamber 

5  Coavar(tB(-DlTerfin(  Houle 

S  ComhtuUon  Chamber  Inlet  (JUL  Hozxle) 

7  Test  Section  (Fuel  Sample) 

8  Downstream  Adjustable  Nozzle 

Fig.  1  Schematic  diagram  of  high-enthalpy 

blowdown  wind  tunnel 

In  order  acquire  a  basic  under¬ 
standing  of  the  physical  and  chenical 
mechanisms  involved  in  the  combustion  of 
solid  fuels  under  high-speed  crossflows,  a 
high-enthalpy  blowdown  wind  tunnel  was 
constricted  and  is  shown  schematically  in 
Fig.  l.  The  wind  tunnel  utilizes  com¬ 
pressed  air  from  two  large  air  storage 
tanks  having  a  combined  capacity  of  72 
cubic  meters  and  a  maximum  pressure  of  4.9 
MPa.  Air  from  these  two  tanks  is  mixed 


and  burned  with  propane  in  the  vitiater  at 
an  air/ fuel  ratio  of  3:1.  The  hot  ga^es 
reach  a  maximum  temperature  of  1000  K  in 
the  settling  chamber,  then  pass  through  a 
converging-diverging  nozzle  which  accel¬ 
erates  the  flow.  The  wind  tunnel  is 
capable  of  providing  vitiated  air  with  a 
static  pressure  range  of  0.1  to  0.62  MPa 
in  the  test  section  at  a  Maca  number  of 
1.5.  During  subsonic  operations,  an 

adjustable  nozzle  downstream  of  the  solid 
fuel  sample  controls  the  pressure  inside 
the  test  section.  The  maximum  flowrate 
attainable  is  8  kg/s  with  a  duration  of 
four  minutes  at  the  highest  pressure. 

Pressure  and  'temperature  measurements 
are  taken  in  the  settling  chamber,  uptream 
of  the  converging-diverging  nozzle,  in  the 
combustion  chamber  inlet,  and  downstream 
of  the  solid  fuel  sample.  Steady  flow 
conditions  are  achieved  using  a  feedback 
control  loop  between  the  pressure  trans¬ 
ducer  in  the  settling  chamber  and  a 
pneumatic  ball  valve.  An  IBM  PC/AT 
computer  records  all  the  temperature  and 
pressure  measurements  for  the  duration  of 
each  test. 


The  high  temperature  flow  enters  the 
combustion  chamber  through  the  rectangular 
inlet  measuring  3.18  cm  in  height  and 
10.16  cm  in  width.  The  solid  fuel  sample, 
(15.24  cm  in  length,  5.08  cm  in  width,  and 
3.18  cm  in  height),  is  placed  directly 
behind  a  rearward  facing  step  forming  a 
step  height  of  1.27  cm.  This  corresponds 
to  a  fuel  port  height  to  inlet  height 
ratio  of  1.4.  The  combustion  chamber 
temperature  and  pressure  measurements  are. 
taken  at  the  locations  shown  in  Fig.  2. 
Temperature  profiles  in  the  subsurface, 
surface,  and  gas-phase  regions  of  the  fuel 
sample  are  determined  from  two  embedded 
thermocouples  located  4.60  cm  from  each 
end  of  the  solid  fuel  and  1.90  ca  from  the 
initial  sample  surface.  The  thermocouples 
are  molded  into  the  solid  fuel  samples 
during  the  curing  process. 
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Fig.  2  Schematic  diagram  of  combustion 

chamber  showing  pressure  and  temp¬ 
erature  measurement  locations 
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Solid  Fuels 

The  solid  fuels  of  interest  in  this 
study  include:  (1)  HTFB  with  various 

percentages  of  boron  powder  (ranging  from 
0  to  20  percent)  made  at  the  Pennsylvania 
State  University;  (2)  boron/HTPB  (50/50) 
manufactured  by  the  United  Technologies/ 
Chemical  Systems  Division  (UT/CSD) ;  (3) 

high  density  hydrocarbon  solid  fuels 
supplied  by  the  Naval  Weapons  Center  (NWC) 
and;  (4)  HTP3  with  boron  and  aluminum  or 
magnesium  powders  processed  at  Penn  State 
University.  Amorphous  'Eoron  powders  added 
to  the  solid  fuel  have  a  99.9%  purity,  325 
mesh,  and  0.5  micron  mean  diameter.  In 
this  paper,  only  types  l  and  2  solid  fuel 
results  are  reported. 

Igniter 

To  achieve  ignition  of  the  solid 
fuels,  a  pyrophoric  liquid,  triethylborane 
(TEB) ,  was  injected  into  the  recirculation 
zone.  A  stainless  steel  tube  having  an 
outer  diameter  of  0.318  cm  was  extended 
slightly  above  the  sample  surface  to 
inject  TEB  parallel  to  the  top  surface  of 
the  sample,  at  an  angle  approximately  60 
degrees  from  the  flow  direction.  TEB  was 
turned  off  after  the  attainment  of  self- 
sustained  combustion.  The  injection  time 
was  usually  on  the  order  of  one  second. 
In  some  cases,  the  solid  fuel  sample 
ignited  without  the  injection  of  TEB,  but 
this  was  highly  dependent  upon  the  free- 
stream  conditions  and  fuel  composition. 


Real-time  X-Ray  Radiography  and  Video 
System 


Fig.  3  Schematic  diagram  of  the  Real-time 
X-Ray  radiography  system  for  ob¬ 
taining  the  fuel  sample  regression 
history 


The  burning  phenomena  of  the  solid 
fuels  were  studied  using  direct  photog¬ 
raphy  and  real-time  X-Ray  radiography. 
The  X-Ray  system  was  used  to  observe  the 
instantaneous  contour  of  the  solid  fuel 
sample.  Through  its  time  variation,  the 
regression  rate  of  the  sample  was  deduced 


using  an  image  processor.  The  system 
consists  of  an  X-Ray  source,  image  inten¬ 
sifies  and  video  camera  which  viewed  the 
fuel  through  two  side  windows  on  opposing 
sides  of  the  test  section  as  shown -in  Fig. 

3.  A  direct  video  was  used  to  capture  the 
top  view  of  the  solid  fuel  through  a 
quartz  window  for  studying  the  surface 
ignition,  flame  spraading ,  and  combustion 
processes.  A  third  video  camera  recorded 
the  exit  plume  from  the  combustion 
chamber. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

High-speed  crossflow  tests  were 
conducted  with  combustion  chamber  static 
pressures  from  0.26  to  0.55  MPa  and  free- 
stream  temperatures  from  620  to  1040  K. 
The  high-enthalpy  vitiated  air  entered  the 
combustion  chamber  at  flowrates  ranging 
from  1.3  to  2.3  kg/ 3  and  mass  fluxes 
ranging  from  41  to  70  g/cm2s.  Figures  4 
and  5  show  typical  temperature-  and 

pressure-time  traces  recorded  from  a  test 
firing  with  a  boron/HTPB  (10/90)  solid 
fuel  sample.  The  onset  of  solid  fuel 
ignition  is  characterized  by  a  spike  in 
the  temperature-time  trace  of  the  test 
section  B  thermocouple  as  shown  in  Fig. 

4.  The  temperature  spike  is  believed  to 
be  caused  by  the  spontaneous  ignition  of 
the  accumulated  fuel-rich  species 
pyrolyzed  from  the  fuel.  Combustion  of 
the  solid  fuel,  which  lasted  approximately 
50  seconds,  is  evident  in  the  temperature¬ 
time  traces  which  show  a  significantly 
higher  temperature  in  the  test  section 
than  that  in  the  aft  nozzle  location.  The 
abrupt  drop  of  the  temperature  near  the 
end  of  the  test  run  vac  caused  by  the 
shutdown  of  the  wind  tunnel. 


TIME  (sec) 


Fig.  4  A  typical  set  of  measured  temper¬ 
ature-time  traces 


Figura  5  shows  three  separate 
pressure-time  traces  measured  from  the 
settling  chamber,  aft  nozzle,  and  test 
section  locations.  As  shown  in  the  p-t 
traces,  the  onset  of  solid  fuel  ignition 
caused  a  small  abrupt  increase  in  each 
pressure  reading.  Following  ignition,  the 
pressure  is  steady  throughout  the  duration 
of  the  test  firing. 
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Fig.  5  A.  typical  set  o£  measured  pres¬ 
sure-time  traces 

A  series  of  instantaneous  surface 
contours  ootained  from  the  X-Ray  radiogra¬ 
phy  system  for  boron/HTPB  (10/90)  solid 
fuel  is  shown  in  Fig.  6.  The  first  2.8  cm 
of  the  solid  fuel  surface  was  not  in  the 
X-Ray  viewing  area  and  therefore  the 
surface  contours  are  not  plotted  in  this 
region.  Following  ignition,  the  solid 
fuel  surface  contour  is  plotted  every  5 
seconos.  Burning  rates  were  deduced  at 
four  axial  positions  located  at  3.0,  6.0, 
9.0,  and  12.0  cm  from  the  rearward  facing 
step,  as  indicated  in  Fig.  6.  As  the 
solid  fuel  bums,  a  forward  facing  step  is 
formed  near  the  downstream  end  of  the 
solid  fuel.  This  introduces  a  locally 
high  pressure  region,  which  enhances  the 
heat  transfer  to  the  solid  fuel;  thus,  the 
downstream  surface  regresses  faster. 
Because  of  the  change  in  the  flcwfield 
near  the  downstream  portion  of  the  sample 
surface,  only  the  first  15  to  25  seconds 
of  the  regression  history  was  used  to 
determine  the  horning  rate  of  the  solid 
fuel. 
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Fig.  6  Instantaneous  surface  contours 

obtained  from  the  real-time  X-Ray 
radiography  system 

Figure  7  shows  the  axial  regression 
rate  distributions  for  several  HTPB-based 
fuels  with  various  boron  loadings.  The 
corresponding  aft-nozzle  freestreaa  temp¬ 
erature  and  pressure  for  each  test  are 
tabulated  with  temperature  and  pressure 
ranging  from  730  to  830  K  and  0.37  to  0.55 
MPa,  respectively.  All  of  the  solid  fuels 


exhibited  a  faster  regression  rata  with 
increasing  axial  distance  from  the  rear¬ 
ward  facing  step.  The  increased  regres¬ 
sion  rate  in  the  downstream  region  is 
believed  to  be  caused  by  the  enhanced  heat 
feedback  from  the  diffusion  flame  zona  in 
addition  to  the  increased  pressure  caused 
by  the  forward  facing  step.  The  amount  of 
heat  release  in  the  diffusion  flame  zone 
increases  with  axial  distance,  since  the 
majority  of  the  pyrolyzed  fuel-rich 

species  are  transferred  to  downstream 

locations  by  the  shear  flow  before 
chemical  reactions  occur.  This  implies 
that  larger  amounts  of  fuel-rich  species 
are  reacted  near  a  downstream  location 
than  at  an  upstream  station.  Thus,  the 
heat  release  in  the  diffusion  flame  is 
higher  in  the  downstream  region. 
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Fig.  7  Burning  rate  versus  axial  distance 
for  HTPB-based  solid  fuels  with 
various  percentages  of  boron 
loading 

Figure  7  also  shows  the  effect  of 
boron  weight  percentage  on  the  burning 
rate.  The  addition  of  5  and  10  percent 
boron  to  HTPB  caused  the  burning  rate  to 
increase  over  the  entire  surface;  however, 
further  increase  of  boron  leadings  to  15, 
20  and  50  percent  results  in  a  decrease  in 
the  regression  rate.  For  a  more  explicit 
illustration,  the  regression  rates  are 
also  plotted  in  Fig.  8  as  a  function  of 
boron  percentage.  This  figure  clearly 
shows  that  the  sample  with  10  percent 
boron  loading  has  the  highest  regression 
rate.  The  initial  increase  in  regression 
rate  with  boron  loading  is  believed  to  be 
caused  by  two  factors.  One  is  due  to  the 
heat  feedback  from  the  boron  particle 
reactions  in  the  flame  zone,  which 
increases  the  heat  feedback  to  the  sample 
surface.  The  other  factor  is  due  to  the 
increase  in  radiation  absorptivity  of  the 
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BORON  (7.) 

Fig.  8  Burning  rate  versus  boron  percen¬ 
tage  at  four  axial  locations 


fuel  sample  with  boron  loading.  The 
decrease  in  regression  rate  beyond  10 
percent  boron  loading  is  attributed  to 
several  factors.  When  boron  particles  are 
ejected  from  a  highly-loaded  fuel  saaple, 
they  absorb  a  significant  amount  of  heat 
from  the  flame  zone  and  reduce  the  local 
flame  temperature,  known  as  the  "heat 
sink"  effect9  ?  thus  decreasing  the  heat 
feedback  to  the  sample  surface.  A  large 
number  of  particles  ejected  with 
pyrolyzing  gases  from  the  saaple  could 
effectively  shield  the  heat  feedback  to 
the  surface.  Accumulation  of  unreacted 
boron  particles  on  the  surface  of  the 
saaple  could  also  cover  the  HTPB  fuel 
surface  and  reduce  the  pyrolysis  rate. 
Futheraore,  highly  boron  loaded  samples 
contain  lose  percentage  of  HTPB  for 
pyrolysis ,  consequently  diminish¬ 

ing  the  heat  release  associated  with  gas- 
phase  reactions. 

Figure  9  shows  the  influence  of 
freestreaa  temperature  on  the  regression 
rate  of  an  HTPB  sample  without  boron.  All 
tests  were  conducted  at  a  constant  pres¬ 
sure  of  0.43  MPa.  At  €20  K,  the  fuel 
•ample  failed  to  achieve  self-sustained 
combustion.  At  this  temperature,  the 
seaple  ignited  momentarily  when  the 
pyrophoric  liquid  was  injected  above  the 
sample;  however,  the  sample  extinguished 
after  the  igniter  was  turned  off. 
Ignition  and  self-sustained  combustion  of 
the  solid  fuel  was  attained  at  temper¬ 
atures  of  780  and  1040  K.  Under  these 
conditions,  flame  spreading  occured  almost 
instantaneously  over  tha  entire  fuel 
saaple.  The  burning  r.  -c  <r creased  with 
the  increase  in  freestrusn  temperature  due 
to  the  enhanced  convective  heat  transfer 
to  the  fuel  surface  which  allowed  addi¬ 
tional  fuel  to  pyrolyze  and  react  in  the 
diffusion  flams  zone.  Zn  addition  to  the 


solid  fuel 


increased  convective  heat  transfer,  the 
gas-phase  reaction  rates  are  much  faster 
at  elevated  temperatures. 

Figure  10  shows  the  freestreaa 
pressure  effect  on  the  burning  rate  of 
boron/KTPB  (10/90)  fuel.  Increasing  the 
pressure  from  0.26  to  0.44  MPa  causes  the 
burning  rat e  to  increase  substantially. 
Two  mechanisms  could  be  attributed  to  the 
enhanced  burning  rate  at  higher  pres¬ 
sures.  First,  the  gas-phase  kinetics  are 
faster,  thus  shortening  the  flam*  standoff 
distance  above  the  fuel  surface  and 
enhancing  the  heat  feedback  to  the  fuel 
surface.  Second,  the  increase  in  oxidizer 
partial  pressure  promotes  additional 
reactions  with  the  fuel-rich  species  and 
with  the  condensed  phase  particles  that 
are  ejected  from  the  sample  surface.  This 
results  in  a  higher  flame  temperature  ar.d 
greater  heat  transfer  to  the  fuel  surface 
which  increases  the  pyrolysis  rate  of  the 
solid  fuel. 

Figure  ll  shows  a  temperature  profile 
for  HTPB  solid  fuel  measured  from  an  em¬ 
bedded  R-type  thermocouple.  The  thermo¬ 
couple  bead  is  located  109  mm  downstream 
of  the  rearward  facing  step  and  19  mm 
beneath  the  initial  sample  surface.  After 
ignition,  the  fuel  sample  begins  to 
regress,  thereby  shortening  the  distance 
between'  the  gas/solid  interface  and  the 
thermocouple  bead.  When  the  fuel  burns 
down  to  the  location  of  the  thermocouple 
bead,  an  interface  temperature  of  650  K  is 
obtained.  With  further  regression,  the 
gas-phase  tonoerature  including  the  diffu¬ 
sion  flame  temperature  were  obtained.  For 
this  particular  test,  with  HTPB  burning  at 
a  fraestream  pressure  of  0.43  MPa  and 
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Fig.  11  Measured  temperatures  as  a  func¬ 
tion  of  vertical  distance  from 
the  HTPB  fuel  surface 


temperature  of  890  K,  the  flame  temper¬ 
ature  i3  approximately  198C  K  with  a  flame 
standoff  height  of  about  2.5  mm  and  effec¬ 
tive  thermal  penetration  depth  of  0.5  mm. 


Theraograviaetric  analysis  (T6A)  of 
HTPB  at  a  heating  rate  of  70  deg/min 
indicates  that  the  solid  fuel  begins  to 
decompose  around  600  K  and  reaches  a 
maximum  >*  sight  loss  rate  at  approximately 
780  K10.  The  measured  surface  temperature 

of  approximately  650  K,  lias  between  these 
two  temperatures. 


iv.  ccnciosions 


The  ignition  and  combustion  charac¬ 
teristics  of  HTPB  solid  fuels  with  various 
percentages  of  boron  loadings  have  been 
studied  under  high-speed,  high-enthalpy 
crossflows.  All  of  the  solid  fuels  tested 
exhibited  a  faster  regression  rate  with 
increased  distance  .  from  the  rearward 
facing  step.  The  increased  regression 
rate  in  the  downstream  region  is  caused  by 
enhanced  heat  feedback  from  the  diffusion 
flame  zone  which  supplies  mere  heat  to  the 
sample  surface  as  the  axial  distance 
increases. 

The  addition  of  sma3.1  percentages  of 
boron  to  HTPB  solid  fuels  significantly 
enhances  the  ignition  and  combustion 

characteristics  of  the  sample.  The 
regression  rate  was  found  to  increase  with 
boron  addition  up  to  10  percent.  Further 
addition  of  boron  causes  the  regression 
rate  to  decrease.  The  initial  increase  in 
regression  rate  with  boron  loading  is 
believed  to  be  caused  by  increased  heat 
feedback  to  the  surface  from  boron  par¬ 
ticle  reactions  and  increased  radiation 
absorptivity  of  the  fuel  surface.  The 
decrease  in  regression  rate  with  high 

boron  particle  loading  is  attributed  to: 
1)  boron  particle  heat  sink  effect  in  the 
gas  phase  which  reduces  the  flame  temp- 
eratura;  2)  shielding  of  heat  feedback  to 
the  surface  by  a  large  number  of  boron 
particles  above  the  surface  and;  3) 
reduced  pyrolysis  caused  by  the  accumu¬ 
lation  of  unreacted  boron  on  the  surface 
and  decreased  gas-phase  reactions  due  to 
the  smaller  percentage  of  HTPB  contained 
in  the  sample. 

'i  i  regression  rates  of  the  HTPB- 
based  solid  fuels  were  found  to  be  a 
strong  function  of  the  freestream  temper¬ 
ature  and  pressure.  Regression  rates 
increase  with  temperature  because  of 
increased  convective  heat  transfer  and 
faster  gas-phase  reaction  rates. 
Increased  regression  rates  with  pressure 
are  attributed  to  faster  gas-phase 
kinetics  and  additional  reactions  caused 
by  the  increase  in  oxidizer  partial 
pressure. 
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CHAPTER  2 

C02  LASER  PYROLYSIS  AND  IGNITION 


I.  Introduction 

The  pyrolysis  and  ignition  behavior  of  a  solid  fuel  must  be  characterized  and  well 
understood  before  it  can  be  implemented  in  a  practical  ramjet  engine.  However,  the 
heterogeneous  nature  of  solid  fuels  normally  employed  in  ramjets  complicates  the  ignition 
phenomena.  The  thermal,  chemical,  and  physical  properties  of  individual  constituents  and  their 
interaction  with  each  other  are  of  particular  interest.  Despite  the  many  studies  conducted  in  the 
field  of  ignition,  the  understanding  of  the  pyrolysis  and  ignition  of  solid  fuels  for  ramjet 
applications  remains  incomplete. 

In  order  to  fully  utilize  the  advantages  of  the  ramjet  design,  a  high  volumetric  heating 
value  of  the  solid  fuel  is  essential.  Elemental  boron  exhibits  the  highest  volumetric  heating  value 
at  137.5  kJ/cm3.  Solid  fuels  or  fuel-rich  solid  propellants  containing  boron  are  therefore  very 
attractive.  However,  the  high  melting  point  (2450  K),  high  boiling  point  (3931  K),  and  protective 
oxide  layer  that  encases  the  boron  particle  cause  serious  ignition  and  combustion  efficiency 
problems.  In  contrast,  magnesium  burns  easily  because  of  its  relatively  low  melting  and  boiling 
temperatures  (923  K  and  1378  K  ..s,.  actively)  and  its  oxide  layer  is  porous,  thus  presenting  no 
significant  resistance  to  oxidation  o<  <..ie  Mg  particle.  The  major  drawback  of  using  Mg  in  a  ramjet 
fuel  is  its  relatively  low  heating  value  (43  kJ/cm3);  however,  considering  the  fact  that  it  offers  high 
combustion  efficiency  and  low  cost,  it  is  still  a  desirable  fuel  for  ramjet  applications.  Moreover, 
for  a  solid  ducted  rocket  application,  the  mixing  and  burning  of  fluorocarbons  with  magnesium 
produces  a  much  higher  volumetric  heating  value  than  for  oxidation  of  Mg  by  02  due  to  the  high 
heat  of  fiuorinatior.  of  magnesium  (80.5  kJ/cm3). 

Currently,  the  most  popular  binder  used  in  solid  fuels  and  conventional  solid  propellants 
is  hydroxyl  terminated  poiybutadiene  (HTPB).  Its  many  advantages  include  low  cost,  reliability, 
good  processibiiity,  tough  mechanical  properties,  and  long  aging  life.  It  has  a  heating  value 
comparable  to  that  of  normal  hydrocarbon  fuels.  When  it  is  burned  with  boron  powder,  some 
pretreatment  of  the  boron  particles  or  addition  of  special  combustion  aids  is  required  in  order  to 
attain  good  combustion  efficiency.  Recently,  novel  highly  energetic  polymeric  binders  based  on 
azido  and  nitrate  ester  functionalized  oxetanes  have  been  synthesized,  e.g.,  3,3-bis(azido  methyl) 
oxetane  (BAMO)  and  3-nitratomethyl  oxetane  (NMMO).  These  energetic  materials  provide  good 
combustion  efficiency  and  are  promising  solid  fuels,  but  possess  certain  properties  that  may  limit 
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their  ramjet  applications,  as  described  in  Chapter  1 .  Nevertheless  the  high  energy  potential  of 
azido  and  nitrate  groups  can  generate  extremely  high  heats  of  combustion,  and  the  evolved 
highly  dynamic  gases  enhance  the  burning  of  the  boron  particles. 

The  laser  is  a  desirable  energy  source  for  fundamental  studies  of  the  ignition  behavior  of 
pyrotechnics,  solid  fuels,  and  solid  propellants.  It  offers  the  advantages  of  precise  control  of 
heating  time,  enorgy  flux,  and  spot  size  on  the  material  surface,  ignition  behavior  can  be  directly 
related  to  material  properties  and  sample  composition  under  such  precise  test  conditions.  A 
high-power  C02  laser  also  allows  for  continuous  wave  heating  at  high  levels  of  energy  flux  similar 
to  energy  levels  found  in  larger  igniter  systems  and  in  propulsive  devices. 

The  overall  objective  of  this  research  was  to  investigate  the  pyrolysis  and  ignition  behavior 
of  several  solid  fuels  for  use  in  ramjet  applications.  Specific  objectives  were:  (1 )  to  measure 
ignition  delay  times  as  a  function  of  heat  flux,  solid  fuel  composition,  and  testing  environment; 
(2)  to  investigate  the  luminous  plume  evolution  and  gas-p**  se  dynamics  with  high-speed  video 
photography  and  schlieren  flow  visualization;  (3)  to  measure  temperature  profiles  in  both  the  gas 
phase  and  condensed  phase;  and,  (4)  to  analyze  gaseous  product  species. 

II.  Experimental  Approach 

A  schematic  diagram  of  the  overall  experimental  setup  is  given  in  Fig.  2.1 .  The  energy 
source  is  a  C02  laser  capable  of  800  W  of  continuous  wave  power.  A  nearly  uniform  beam 
profile  is  obtained  by  using  a  mask  with  a  7  mm  aperture  to  select  the  most  uniform  portion  of 
the  beam  to  irradiate  the  sample  surface.  A  masked  calorimeter  was  employed  to  measure  the 
actual  heat  flux  at  the  sample  location.  The  solid  fuel  samples  were  tested  within  an  aluminum 
test  chamber  that  was  =25  cm  on  a  side.  The  chamber  had  two  schlieren  windows  installed  in 
opposite  sides  and  a  potassium  chloride  window  in  the  top  of  the  chamber  for  laser  beam 
entrance.  The  pressure  and  gaseous  composition  of  the  initial  chamber  environment  were 
controlled  using  a  vacuum  pump,  a  pressure/vacuum  gauge,  and  an  inert  gas  supply  system. 
For  gaseous  species  analysis,  a  smaller  Plexiglass  test  chamber  10  cm  iong  and  5  cm  in 
diameter  containing  a  septum  port  for  syringe  sampling  was  used.  A  schlieren  flow  visualization 
system  was  employed  to  investigate  the  gas  phase  dynamics  (see  Fig.  2.1).  Both  direct  images 
of  the  flame  structure  and  the  schlieren  images  were  recorded  with  a  Spin  Physics  2000  video 
recording  system  capable  of  12,000  pictures  per  second.  The  controller  permits  simultaneous 
display  of  both  direct  and  schlieren  images,  allowing  direct  comparison  of  the  flame  structure 
dynamics  and  gaseous  evolution.  High-resolution  spatial  measurements  can  be  made  with  the 


on  -screen  reticle  system.  A  near-infrared  photodiode  that  senses  emission  in  ths  range  0.35- 
1 .15  jim  with  peak  sensitivity  at  0.9  jim  was  used  to  measure  visible  and  near-IH  emission  from 
which  ignition  delay  times  were  obtained.  The  photodiode  was  mounted  at  a  radial  distance  of 
7  cm  from  the  sample  and  about  2.5  cm  from  the  laser  beam  centerline  and  aimed  directly  at  the 
sample  surface. 


Figure  2.1 .  Experimental  setup  for  laser-induced  pyrolysis  and  ignition  research 


Temperature  measurements  were  made  with  25  pm  and  50  jim  diameter  R-type  thermocouples 
constructed  of  platinum  and  piatinum/13%  rhodium  wires.  For  some  of  the  solid  fuels, 
condensed-phase  temperature  profiles  were  obtained  by  embedding  the  thermocouples  in  the 
fuel  sample.  The  thermal  diffusivity  of  several  fuei  samples  was  measured  using  the  laser  tlash 
method. 

Gaseous  species  analysis  was  achieved  by  using  a  one  milliliter  syringe  to  take  gas  samples 
from  the  smali  test  chamber  and  inject  them  into  either  a  Varian  3700  gas  chromatograph  or  a 
Hewlett  Packard  gas  chromatograph/mass  spectrometer  (CG/MS).  The  GC  columns  employed 
included  a  Porapak  Q&R  column  for  general  species  analysis  and  a  Carbopack  B/5%  Hourcol 
column  for  analysis  of  fluorinated  compounds. 
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Data  acquired  using  the  photodiode  and  the  fine-wire  thermocouples  were  recorded  with 
a  Nicoiet  digital  oscilloscope  with  the  thermocouple  signals  being  amplified  before  transfer  to  the 
oscilloscope.  The  data  was  then  transferred  to  a  computer  for  processing  and  then  to  a  printer 
for  plotting. 

Numerous  solid  fuels  were  tested  and  their  compositions  are  listed  in  Table  2.1 .  The  B- 
HTPB  and  BMT  solid  fuels  were  processed  at  the  High  Pressure  Combustion  Laboratory  at  Penn 
State  University.  The  method  of  fabrication  of  the  BMT  samples  was  addressed  by  Fetherolf  et 
al.  (Appendix  2.1 ).  8-hTPB  fuels  with  a  50/50  composition  were  processed  by  Chemical  System 
Division,  United  Technologies.  The  MTV,  NWC-1 ,  NWC-2,  NWC-3,  M096,  and  M096T  solid  fuels 
were  supplied  by  the  Naval  Weapons  Center.  The  B-BN  fuels  were  provided  by  Aerojet 
Propulsion  Company. 


Table  2.1 .  Compositions  of  Solid  Fuels 


Solid  Fuel 

Metal 

Primary  Binder 

Various  Additives 

B/HTPB 

Boron 

HTPB 

Mg,  Mg/Ai,  CeF3 

B/BN 

Boron 

BAMO/NMMO 

— 

MTV 

Magnesium 

PTFE 

Viton  A 

BMT 

Mg,  Boron 

PTFE 

— 

NWC-1 

— 

HTPB 

Carbon  Black 

NWC-2 

HTPB,  PCUD 

PCUD 

NWC-3 

— 

HTPB,  Zecorez 

Zecorez 

M096 

Magnesium 

HTPB 

B4C,  Comb.  Aid  A 

M096T 

Magnesium 

HTPB,  PTFE 

S4C,  Comb.  Aid  B 

The  ignition  criterion  used  for  measuring  ignition  delay  times  was  first  light  emission  as 
observed  with  the  photodiode.  It  is  important  to  not9  that  this  criterion  does  not  always  indicate 
the  onset  of  ignition  leading  to  self-sustained  combustion.  The  MTV  materials  and  the 
8/Mg/PTFE  materials  with  above  10%  boron  content  were  the  only  samples  tested  that 
consistently  exhibited  self-sustained  ignition. 
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111.  Results  and  Discussion 

A.  B/HTPB  Solid  Fuels 

The  ignition  delay  behavior  of  several  boron/HTPB  fuels  containing  weight  percentages 
of  1 , 10, 20,  30,  and  50%  boron  have  been  investigated.  The  effects  of  adding  10%  Mg,  Mg/AI, 
or  CeF3  in  a  30/60/10  mixture  of  a  B/HTPB/Additive  composition  were  also  studied.  Details  of 
this  study  were  reported  by  Snyder  et  al.  (Appendix  :2.2).  Gaseous  species  generated  by 
pyrolyzing  a  pure  HTPB  binder  were  analyzed  with  a  GC/MS  in  order  to  determine  the  major 
decomposition  product  species. 

Figure  2.2  exhibits  the  ignition  delay  behavior  of  the  B/HTPB  solid  fuels  as  a  function  of 
boron  weight  percentage  and  incident  heat  flux.  For  all  tests,  ignition  was  observed  to  take  place 
in  the  gas-phase  region.  Following  gas-phase  ignition,  the  combustion  wave  propagated  back 
down  to  the  sample  surface  and  enhanced  the  surface  reactions.  The  delay  time  for  first  light 
emission  was  obsen/ed  to  decrease  as  boron  content  increased  up  to  20%,  after  which  the  delay 
time  increased  up  to  50%  boron  content. 

Figure  2.3  displays  the  effects  of  additives  on  the  ignition  delay  behavior  of  boron/HTPB 
solid  fuels.  Magnesium  and  magnesium/aluminum  powders  showed  a  noticeable  decrease  in 
delay  time.  The  addition  of  cerium  fluoride  to  the  solid  fuel  produced  the  most  significant 
decrease  in  delay  time,  especially  at  low  heat  fluxes. 

The  gaseous  products  from  pyrolysis  of  pure  HTPB  were  analyzed  with  a  GC/MS  and 
Porapak  Q  and  R  columns  in  series.  The  major  decomposition  species  were  the  monomer  1 ,3- 
butadiene  along  with  aromatic  compounds  including  benzene,  toluene,  styrene,  naphthalene,  and 
phenanthrene.  These  aromatic  compounds  are  believed  to  play  an  important  role  in  soot 
formation.  The  post-test  observation  revealed  the  formation  of  a  black  residue,  which  appeared 
in  the  shape  of  small  agglomerated  chains. 

B.  Boron-3AMO/NMMO  Solid  Fuels 

Boron-based  poly(BAMO/NMMO)  fuel  samples  were  also  tested  in  the  C02  laser 
laboratory  with  boron  weight  percentages  of  0, 17.6, 29,  and  39.8%.  Details  of  this  work  can  be 
found  in  Appendix  2.2.  Figure  2.4  shows  the  ignition  delay  behavior  as  a  function  of  heat  flux 
and  boron  content.  The  data  from  pure  BAMO/NMMO  ignition  tests  exhibited  random  delay 
times  for  all  heat  fluxes.  This  random  behavior  is  believed  to  be  caused  by  the  highly  turbulent 
nature  of  the  pyrolyzed  gases  evolved;  the  active  site  for  first  light  emission  varied  significantly 
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Figure  2.2  Ignition  delay  behavior  of  B/HTPB  solid  fuel  in  air  at  one  atmosphere 


Figure  2.3  Effects  of  additives  on  ignition  delay  behavior  of  B/HTPB  solid  fuel 
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from  test  to  test.  When  boron  particles  were  added  to  the  solid  fuels,  this  random  behavior  was 
eliminated.  The  delay  time  for  first  light  emission  decreased  as  incident  heat  flux  increased  for 
all  compositions.  As  the  boron  loading  percentages  increased  from  17.6%  to  39.8%,  the  delay 
time  increased  slightly  at  low  energy  fluxes  (below  300  W/cm2). 

Figure  2.5  is  a  total  ion  chromatogram  from  GC/MS  analysis  of  the  gaseous  products  of 
pure  BAMO/MMMO  copolymer  pyrolysis  in  helium  at  one  atmosphere.  The  most  abundant 
species  identified  were  N2,  CO,  NO,  CO„  N20,  C3H#,  C3H4,  HCN,  C4H8,  and  C4H80.  Most  of  the 
species  found  in  this  study  have  been  reported  in  the  literature;  however,  formaldehyde,  which 
has  been  reported  in  other  studies  in  large  amounts,  was  not  observed.  This  may  be  attributed 
to  the  high  reactivity  and/or  the  susceptibility  to  degradation  of  formaldehyde.  A  sample  of  30/70 
B/BN  was  also  burned  under  the  same  test  conditions,  and  GC/MS  analysis  of  the  gaseous 
products  indicated  similar  major  species  were  produced  but  in  significantly  smaller  amounts.  It 
is  believed  that  the  boron  ignites  and  burns  vigorously  with  the  pyrolyzed  species  to  form  some 
condensed  phase  boron  compounds  which  cannot  be  properly  identified  by  the  existing  analysis 
system. 

C.  Boron/Mq/PTFE  Solid  Fuels 

The  combustion  characteristics  and  C02  laser  ignition  behavior  of  boron/magnesium/PTFE 
(BMT)  solid  fuels  were  studied  be  Fetherolf  et  a!.  (Appendix  2.1)  as  a  function  of  weight 
percentages  of  boron  and  Mg.  All  tests  were  conducted  in  air  at  one  atmosphere.  Density 
measurements  indicated  that  as  the  boron  loading  was  increased  the  deviation  between  the 
actual  density  and  the  theoretical  maximum  density  (TMD)  increased.  Figure  2.6  indicates  that 
the  ignition  deiay  time  decreased  monotonically  as  either  the  heat  flux  or  the  boron  content  was 
increased.  Figure  2.7  shows  that  only  samples  with  a  boron  loading  *10%  achieved  self- 
sustained  combustion  after  removal  of  laser  heating,  and  as  the  boron  loading  was  increased 
above  10%,  the  burning  rate  decreased  monotonically.  The  thermal  diffusivity,  measured  by  the 
laser  flash  method,  decreased  sharply  as  the  boron  percentage  increased  up  to  10%  and  then 
decreased  only  siightly  as  more  boron  was  substituted  for  Mg. 

Several  physicochemical  processes  were  proposed  to  explain  the  ignition  and  combustion 
behavior  of  the  6/Mg/PTFE  solid  fuels.  The  decrease  in  ignition  delay  with  an  increase  in  boron 
content  was  attributed  to  the  absorptivity  at  1 0.6  pm  wavelength  of  boron  being  significantly 
higher  than  that  of  magnesium  and  also  to  the  decrease  in  the  thermal  diffusivity  of  the  solid  fuel 
with  increasing  boron  content,  which  causes  the  incident  energy  to  be  more  concentrated  at  the 
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Figure  2.6  Ignition  delay  behavior  for  BMT  material  in  air  at  one  atmosphere 
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Figure  2.7  Burning  rate  behavior  for  BMT  material  (combustion  in  air  at  one  atmosphere) 
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surface,  thus  producing  a  faster  rise  tc  the  ignition  temperature  threshold,  it  is  believed  that  the 
above  10%  boron  loading  decrease  in  burning  rate  is  due  to  reduction  in  the  near-surface  flame 
intensity  (this  flame  is  believed  to  be  produced  by  the  fluorination  of  Mg)  and  also  due  to  the 
boron  particles  evolved  that  are  below  their  ignition  temperature  acting  as  “heat  sinks“  and 
reducing  the  available  energy  at  the  fuel  surface. 

D.  Ma/PTFE/Viton  A  Solid  Fuels 

In  studies  of  the  Mg/PTFE/Won  A  (MTV)  solid  fuels,  the  effects  of  heat  flux,  pressure,  and 
oxygen  concentration  have  been  investigated.  The  gaseous  products  of  pyrolysis  and 
combustion  for  each  constituent  and  for  the  MTV  composite  were  also  investigated  with  GC/MS 
analysis.  Details  of  this  study  can  be  found  in  Appendices  2.3  and  2.4.  Figure  2.8  illustrates 
the  effect  of  heat  flux  on  the  ignition  delay  time  for  heating  in  air  at  1  and  0.1  atmospheres. 
Interestingly,  at  the  lower  pressure,  the  ignition  times  are  shorter;  this  may  be  attributed  to  lower 
pressure  or  to  lower  oxygen  concentration.  The  oxygen  effect  was  investigated  by  performing 
tests  at  atmospheric  pressure  using  NJ02  mixtures  with  varying  oxygen  concentrations.  It  was 
observed  that  the  ignition  delay  times  decreased  as  the  oxygen  percentage  decreased,  indicating 
that  ambient  oxygen  has  an  inhibiting  effect  on  the  ignition  process.  This  effect  is  believed  to  be 
the  mechanism  responsible  for  the  pressure  dependency  in  Fig.  2.3. 

The  gaseous  decomposition  species  generated  by  PTFE  pyrolysis  in  inert  nitrogen  were 
analyzed  with  the  GC/MS  and  a  Carbopack  B/5%  Fluorco!  column.  The  analysis  showed  a  wide 
range  of  saturated  and  unsaturaied  fluorocarbon  compounds;  the  major  common  compounds 
detected  were  the  monomers  C2F4I  C2F„  C3F„  and  C4F,.  Analysis  of  the  decomposition  species 
generated  by  Won  A  showed  that  a  wide  variety  of  fluorocarbons  similar  to  those  produced  by 
PTFE  were  generated  as  were  numerous  hydrofluorocarbons.  However,  GC/MS  analysis  of  the 
gaseous  products  of  combustion  of  the  MTV  material  showed  evidence  only  of  several 
hydrocarbons  and  CO  and  C02  for  combustion  in  air,  with  no  fluorocarbons  detected.  It  was 
concluded  that  the  primary  species  of  PTFE  and  Won  A  pyrolysis  are  consumed  by  . 
combustion  of  the  MTV  material,  forming  undetected  HF  and  solid  MgFa  and  carbon.  These 
condensed-phase  products,  along  with  MgO  for  combustion  in  air,  were  identified  by  an  analysis 
using  a  scanning  electron  microscope. 

Test3  were  also  conducted  to  determine  the  amount  of  laser  beam  attenuation  by  the  two- 
phase  plume  above  a  deflagrating  MTV  sample.  The  beam  attenuation  measuring  instrument 
developed  for  these  tests  and  the  experimental  results  obtained  are  discussed  by  Fetherolf  et 
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al.  (Appendix  2  %  The  results  showed  that  upon  ignition  of  the  MTV  sample,  th9  amount  of  heat 
flux  passing  through  the  two-phase  plume  and  heating  the  sample  surface  rapidly  decreased  to 
zero  with  the  laser  beam  being  totally  attenuated  under  steady-state  combustion. 

E.  HTPB-based  Solid  Fuels 

Ignition  delay  resuits  were  also  obtained  for  five  HTPB-based  solid  fuels  received  from 
NWC.  Figure  2.9  indicates  that  the  delay  times  decreased  monotonically  for  all  five  fuels  as  the 
heat  flux  was  increased.  However,  it  was  observea  that  at  heat  fluxes  above  300  W/cm2,  the  two 
fuels  containing  boron  carbide,  magnesium,  and  combustion  aids  had  ignition  delay  times 
approximately  50%  shorter  than  the  other  three  fuels  containing  carbon  black,  PCUD,  and 
Zecorez,  which  ali  exhibited  very  similar  ignition  delay  curves. 

iV.  Conclusions 

1 .  The  delay  time  to  first  light  emission  decreases  monotonically  as  the  incident  radiative 
heat  flux  increases  for  all  solid  fuels  tested  in  this  research. 

2.  Metal/binder  compositions  containing  boron  possess  an  optimum  boron  content  value 
for  minimizing  the  ignition  delay  time  and  maximizing  the  burning  rate.  This  is  due  to  the 
boron  particles  acting  as  "heat  sinks";  that  is,  they  do  not  attain  their  high  ignition 
tempesature,  and  the  energy  available  for  reaction  of  the  other  material  constituents  is 
reduced. 

3.  The  addition  of  certain  additives  (such  as  Mg,  Mg/AI,  and  CeF-J  to  B/HTPB  mixtures 
significantly  shortens  the  ignition  delay  time. 

4.  The  onset  of  ignition  occurs  in  the  gas  phase  for  all  soiid  fuels  tested. 

5.  MTV  materials  ignite  quicker  at  lower  pressures  due  to  the  reduction  of  the  effect  of 
oxygen  inhibition  on  the  ignition  process. 

6.  Mg  reacts  with  the  decomposition  products  of  PTFE  and  Viton  A  in  the  MTV  material  to 
energetically  form  MgF2. 

7.  The  addition  of  B«C,  Mg,  and  combustion  aids  to  HTPB-based  solid  fuels  substantially 
lowered  the  ignition  delay  times  at  heat  fluxes  above  300  W/cm2. 
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ABSTRACT 


The  combustion  characteristics  and  CO2  laser  ignition  behavior  of  pressed 
pellets  of  boron/magnesium/Polytetraf luoroethylene  (B/Mg/PTFE)  pyrotechnic 
macerials  of  varying  compositions  have  been  investigated.  All  tests  were  con¬ 
ducted  in  air  at  one  atmosphere.  Objectives  of  this  study  were  to  determine 
ignition  delay  times  as  functions  of  incident  energy  flux  and  sample  ingredi¬ 
ents  and  to  measure  the  burning  rates  of  samples  with  different  compositions. 
Thermal  diffusivities  of  the  pyrotechnic  materials  were  deduced  using  a  laser 
flash  method.  While  fabricating  the  pellets,  it  was  observed  that  as  the  boron 
loading  was  increased,  the  deviation  between  the  actual  density  and  the  theo¬ 
retical  maximum  density  (TMD)  also  increased.  Experimental  results  indicated 
that  the  ignition  delay  time  decreased  monotonieally  as  both  the  heat  flux  and 
the  percentage  of  boron  increased.  Only  samples  with  a  boron  loading  >  10% 
achieved  self -sustained  combustion,  and  as  the  boron  loading  was  increased 
above  10%,  the  burning  rate  decreased  monotonieally.  The  thermal  aiffusivity 
of  the  materials  decreased  sharply  as  the  boron  percentage  increased  up  to  10% 
and  then  only  decreased  slightly  as  more  boron  was  substituted  for  Mg.  Near- 
IR  emission  was  found  to  be  significantly  higher  for  combustion  of  samples 
containing  10%  and  20%  boron.  As  the  percentage  of  boron  was  increased,  high 
frequency  fluctuations  observed  the  near-IR  emission  for  low  boron  loadings 
decreased.  Very  stable  combustion  was  observed  with  the  35/15/50  B/Mg/PTFE 
pyrotechnic  material. 


INTRODUCTION 


Magnesium/Polytetraf iuoroethylene  (Mg/PTFE)  and  Mg/PTFE/Viton  A  (MTV) 
pyrotechnic  materials  have  been  studied  in  recent  years  for  use  in  many  ap¬ 
plications  such  as  rocket  motor  igniters  [1,  2)  ,  base  bleed  igniters  [3] ,  and 
flares  [4,  5].  Valenta  [2]  states  that,  "In  many  newer  applications ,  MTV  is 
replacing  such  traditional  pyrotechnic  ignition  compositions  as  black  pow¬ 
der,  boron-potassium  nitrate  (B-KNO3),  and  Alclo  (AI-KCIO4)  as  the  material 
of  choice  for  many  pyrotechnic  and  pyrogen  igniters."  Peretz  [l]  listed  the 
following  advantages  of  Mg/PTFE  pyrotechnics  for  use  as  igniter  materials: 
high  energy  content,  high  degree  of  safety  in  preparation,  low  temperature  and 
pressure  dependence  of  the  burning  rate,  ease  and  low  cost  of  igniter  pellet 
and  grain  fabrication,  favorable  aging  characteristics,  and  stable  burning  at 
low  pressures.  Fetherolf  et  al.  [3]  have  studied  the  ignition  behavior  of  MTV 
igniter  materials  for  base  bleed  applications.  They  observed  a  thin  primary 
flame  zone  attached  to  the  burning  surface  of  the  sample  in  both  air  and  inert 
gas  environments  at  one  atmosphere.  Kubota  and  Serizawa  [6,  7)  have  conducted 
experimental  studies  of  the  combustion  of  Mg/PTFE  materials.  They  found  that 
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the  burning  rate  increased  monotonically  as  the  weight  fraction  of  Mg  parti¬ 
cles  increased  due  to  the  increase  in  heat  feedback  from  the  reaction  zone  to 
the  propellant  burning  surface.  Ladouceur  [4.  5]  has  studied  the  feasibility 
of  using  an  MTV  material  for  flares  in  military  applications.  Taylor  and  Far- 
nell  [8]  investigated  a  solventless  process  for  manufacturing  MTV  pyrotech¬ 
nic  flares.  Instead  of  being  dissolved  in  acetone,  the  rubbery-like  Viton  A 
was  rotor-ground  by  a  special  technique  and  mixed  with  Teflon  (PTFE)  powder 
to  prevent  the  agglomeration  of  the  ground  powder.  They  claimed  that  the  dry 
powder  mixes  flowed  well  under  high  consolidation  pressures  to  form  strong 
pellets  and  flares. 

Boron  is  a  very  attractive  ingredient  for  use  in  pyrotechnics  and  solid 
fuels  due  to  its  high  volumetric  energy  density.  It  has  long  been  used  as  a 
fuel  in  pyrotechnic  delay  train  mixtures  [9] .  Numerous  oxidizers  have  been 
used  in  conjunction  with  boron  such  as  KNO3,  NaH03 ,  BioOs,  and  CaCrQ.t  to  name 
just  a  few.  However,  when  used  in  practical  applications,  boron-based  solid 
fuels  often  exhibit  serious  combustion  inefficiencies  and  are  difficult  to 
ignite . 

Many  researchers  have  conducted  fundamental  studies  of  the  rather  com¬ 
plex  and  problematic  ignition  and  c  mbustion  of  boron.  Macek  [10]  and  Tal¬ 
ley  [11]  conducted  some  of  the  early  research  on  the  combustion  of  elemental 
boron.  Xing  has  done  extensive  work  on  the  ignition  and  combustion  of  boron 
particles  and  clouds  [12]  and  has  also  published  a  review  paper  [13]  .  In  1984, 
Faeth  [14]  prepared  a  very  comprehensive  review  of  the  status  of  boron  combus¬ 
tion  research.  Hsieh  et  al.  [15]  have  conducted  an  experimental  investigation 
of  boron-based  BAMO/NMMO  fuel  rich  solid  propellants.  They  proposed  an  “en¬ 
ergy  sink'  hypothesis  to  explain  the  observed  trend  of  an  increase  in  burning 
rate  up  to  a  boron  percentage  of  20%  after  which  the  burning  rate  decreased. 
This  hypothesis  suggests  that  above  a  certain  level  of  boron  particle  loading 
in  the  propellant,  the  particles  may  absorb  a  large  amount  of  energy  from  the 
reaction  zone  and  thereby  reduce  the  energy  feedback  to  the  sample  surface. 
Kuwahara  and  Kubota  [16]  investigated  the  role  of  boron  in  enhancing  the  burn¬ 
ing  rate  of  AP  composite  propellants.  They  found  a  significant  increase  in 
burning  rate  by  the  addition  of  small  amounts  of  boron  with  an  apparent  limit 
in  augmentation  at  7.5'/,  boron  content.  They  found  an  increase  in  the  temper¬ 
ature  gradient  above  the  burning  surface  with  the  addition  of  boron  and  con¬ 
cluded  that  the  boron  particles  are  oxidized  by  the  decomposition  gases  of  the 
AP  particles,  increasing  the  heat  transfer  back  to  the  surface,  with  a  resul¬ 
tant  increase  in  burning  rate . 

Currently,  there  is  very  limited  information  available  on  ignition  or  com¬ 
bustion  studies  of  the  combination  of  boron  with  magnesium  or  with  a  Mg/PTFE 
formulation.  Peretz  [17]  has  presented  some  theoretical  considerations  of 
metal-fluorocarbon  compositions  for  ramjet  fuels.  In  that  paper,  he  refer¬ 
enced  work  done  by  Zvulony,  Levy,  and  Gany  [18]  where  a  40/30/30  composition 
of  a  B/Mg/PTFE  solid  fuel  was  studied  in  a  solid  fuel  ramjet  combustor.  Peretz 
stated  that  the  fuel  was  consolidated  into  perforated  cylindrical  pellets 
with  a  fuel  density  93%  of  the  TMD  and  that  they  obtained  stable  combustion 
with  certain  configurations  of  the  combustor.  Tischer  [19]  has  studied  the 
effect  of  entrained  air  in  determining  optimum  flare  compositions.  He  found 
that  as  the  amount  of  boron  in  a  B/Mg/ilaNOs/Lamir.ac  flare  composition  was 
increased,  the  adiabatic,  equilibrium  temperature  decreased  monotonically. 

He  also  concluded  th'-t  the  addition  of  small  amounts  of  boron  may  influence 
the  color  of  the  flare  plume  without  degrading  performance.  Shidlovskii  and 
Gorbunov  [20]  have  studied  the  combustion  of  PTFE  with  magnesium  or  boron  at 
pressures  of  10-100  atmospheres  in  a  constant-pressure  bomb  containing  nitro- 
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gen.  They  observed  a  very  narrow,  bright  combustion  zone  for  the  burning  of 
a  Mg/PTFE  material  and  found  that  B/PTFE  mixtures  exhibited  a  broad,  weakly 
emitting  flame  zone  without  a  bright  combustion  front.  They  used  these  ob¬ 
servations  to  explain  the  burning  rate  behavior  of  these  materials  by  stating 
that  the  broad  flame  zone  of  the  B/PTFE  composition  transfers  less  heat  back 
to  the  surface  than  the  narrow  combustion  zone  of  the  Mg/PTFE  material,  thus 
producing  a  lower  combustion  rate  for  the  B/PTFE. 

Snyder  et  al.  [21]  have  investigated  the  effects  of  additives  on  the  igni¬ 
tion  delay  behavior  of  boron-based  solid  fuels.  They  found  that  the  addition 
of  10",  Mg,  Mg/Al,  or  CeF3  particles  to  a  B/HTPB  formulation  significantly  low¬ 
ered  the  ignition  delay  at  lower  heat  fluxes  but  had  ho  noticeable  effect  at 
heat  fluxes  above  600  V//cm2.  Previous  work  by  the  authors  [3]  on  base  bleed 
igniter  materials  indicated  that  the  addition  of  boron  to  a  Mg/PTFE  formu¬ 
lation  in  moderate  amounts  significantly  enhanced  ignition  and  combustion 
behavior.  They  stated  that  further  research  was  needed  to  quantify  the  com¬ 
bustion  enhancement  due  to  boron  addition,  particularly  the  burning  rate  as  a 
function  of  boron  content. 

Thermal  diffusivity  (a)  is  an  important  parameter  to  be  considered  in 
studies  of  the  ignition  and  combustion  of  pyrotechnic  materials.  Hermance  et 
al.  [22]  developed  an  elaborate  model  to  determine  the  thermal  properties  in 
a  highly  compressed  pyrotechnic  mixture  consisting  of  a  metal,  salt,  filler, 
and  voids  having  close  to  100'/,  TMD.  Pierce  and  Leith  [23]  also  presented  a  sim¬ 
ple  model  of  thermal  properties  in  a  hot-wire  initiated  pyrotechnic  device 
based  on  the  heat  diffusion  equation  with  temperature  dependent  properties . 
They  discussed  the  trends  of  the  thermal  conductivity  and  heat  capacity  of  a 
.composite  material  as  a  function  of  the  packing  density.  Parker  et  al.  [24] 
proposed  a  method  for  determining  thermal  diffusivities  of  materials  termed 
the  laser  flash  method  or  flash  diffusivity  method.  This  method  was  employed 
by  Etter  et  al.  [25]  to  study  a  material  composed  of  TiH0.S5  and  KCIO4  .  They 
noted  that  varying  the  blend  ratio  affe  :ted  the  thermal  diffusivity  nonlin- 
eariy,  favoring  the  influence  of  the  KCIO4  which  had  the  lower  a  value,  «  1/3 
that  of  TiHo.65.  Etter  et  al.  also  concluded  that  this  method  is  well  suited 
for  testing  fragile  pressed  pellets  and  also  requires  only  very  small  samples, 
which  is  desirable  when  working  with  energetic  pyrotechnic  materials.  Sny¬ 
der  et  al.  [26]  also  used  this  method  to  study  the  thermophysical  properties 
of  metal-based  solid  fuels .  They  determined  the  thermal  diffusivity  of  an  MTV 
material  to  be  1.6xl0-2  cm2/sec. 

The  use  of  a  laser  for  Ignition  studies  of  solid  fuels,  solid  propellants, 
and  pyrotechnics  provides  the  researcher  with  precise  control  of  the  heating 
time  and  energy  flux.  Gstrowski  [27]  gave  a  comprehensive  introduction  in  his 
paper  on  laser  ignition  of  black  powder  in  which  he  references  numerous  stud¬ 
ies  where  lasers  were  used  as  the  energy  source  in  initiation  studies  of  solid 
materials.  The  high-power  CO2  laser  offers  the  advantages  of  continuous  wave 
heating  aid  a  high  level  of  beam  intensity  that  simulates  energy  ^luxes  found 
in  igniter  systems  and  propulsive  devices.  The  CO2  laser  has  been  employed  by 
numerous  researchers  in  radiative  ignition  studies  of  solid  fuels ,  solid  pro¬ 
pellants,  and  pyrotechnic  materials. 

The  literature  review  presented  in  this  introduction  shows  that  extensive 
research  has  been  done  on  energetic  materials  containing  magnesium,  FIFE,  and 
boron,  but  that  few  studies  have  been  conducted  on  compositions  containing 
all  three  of  these  ingredients.  The  overall  objective  of  this  research  was 
to  investigate  the  combustion  characteristics  and  COo  laser  ignition  behav¬ 
ior  of  boron/magnesium/PTFE  pyrotechnic  materials  as  a  function  of  the  boron 


loading.  Specific  rarameters  of  interest  included  ignition  delay  time,  burn¬ 
ing  rate .  therms,  diffusivi'  ateady-state  and  dynamic  flame  structure,  two- 
phase  plume  evolution,  and  n*  .nfra  ed  emission  of  the  reaction  zone. 


EXPERIMENTAL  SETUP 

A  schematic  diagram  of  the-  »  “  ^mental  setup  is  given  in  Figure 

1.  The  radiative  energy  source  ^  3  i.cwer  COo  laser  capable  of  produc¬ 

ing  800  watts  of  power  in  the  c  0::  t  .Injuns  wave  mode  and  3500  watts  in  the  pulsed 
mode  with  precise  control  of  the  lasing  time  and  the  power  level.  A  beam  pro 
file  with  a  relative  uniformity  of  =157,  across  the  pyrotechnic  surface  was 
obtained  using  a  mask  with  a  7  mm  aperture  placed  a  1  meter  above  the  sample  t  ...• 
allow  only  the  most  uniform  center  section  of  the  beam  to  irradiate  the  sur¬ 
face.  A  masked  calorimeter  was  employed  to  measure  the  actual  heat  flux  at 
the  sample  location.  The  samples  were  tested  within  an  aluminum  test  chamber 
that  was  k;25  cm  on  each  side .  The  laser  beam  entered  the  test  chamber  through 
a  potassium  chloride  window,  which  is  «977,  transmissive  to  the  10.6  /m  wave¬ 
length  of  the  laser.  Two  high-quality  glass  windows  were  installed  in  oppo¬ 
site  sides  of  the  chamber  for  schlieren  flow  visualization,  and  another  window 
in  a  third  side  provided  optical  access  for  direct  photography  of  the  flame 
structure  dynamics.  The  pressure  and  gaseous  composition  of  the  environment 
within  the  chamber  can  be  controlled  using  a  vacuum  pump,  an  oxygen  analyzer, 
a  prassure/vacuum  gauge,  inert  gas  feed  lines,  and  control  valves.  However, 
all  the  tests  conducted  for  this  paper  were  run  with  initial  conditions  of  one 
atmosphere  of  pressure  in  static  air. 

A  schlieren  flow  visualization  system  was  employed  to  investigate  the  two- 
phase  plume  dynamics.  A  parallel  light  beam  was  directed  \:y  15  cm  parabolic 
mirrors  from  a  100  watt  continuous  tungsten-halogen  lamp  through  the  test 
chamber  to  a  high-speed  camera.  The  light  beam  is  shaped  and  directed  by  a 
rectangular  aperture  and  a  condensing  lense  at  each  end  of  the  'Z-type'  con¬ 
figuration.  Both  direct  images  of  the  flame  structure  and  the  schlieren  im¬ 
ages  were  recorded  with  a  Spin  Physics  2000  video  recording  system.  As  seen  in 
Figure  1,  the  system  consists  of  a  controller,  video  monitor,  and  two  camera 
heads .  The  controller  can  display  both  the  schlieren  and  direct  image  simul¬ 
taneously,  allowing  direct  comparison  of  the  flame  structure  dynamics  and  the 
plume  dynamics.  Maximum  recording  speed  is  12000  pps,  but  speeds  of  500,  1000, 
and  2000  pps  were  employed  to  investigate  the  ignition  and  combustion  phenom¬ 
ena.  The  Spin  Physics  controller  also  has  an  on-screen  reticle  measuring  sys¬ 
tem  that  permits  the  user  to  make  precise  spatial  measurements  in  both  X  and  Y 
directions.  This  feature  was  used  in  conjunction  with  the  schlieren  image  to 
measure  burning  rates.  A  SONY  CCD  V-9  Camcorder  was  also  employed  to  obtain 
color  images  of  the  flame  structure. 

A  near-infrared  photodiode  was  employed  to  measure  ignition  delay  times 
and  also  to  monitor  near- infrared  emission.  The  spectral  response  of  the  pho¬ 
todiode  is  exhibited  in  Figure  2.  The  photodiode  was  mounted  at  a  radial  dis¬ 
tance  of  7  cm  from  the  sample  and  aimed  directly  at  the  surface.  The  output 
signal  was  recorded  with  a  Nicolet  digital  oscilloscope  and  then  transferred 
to  an  I3M  computer  for  processing  and  printing  on  a  Hewlett  Packard  laser- 
printer. 

A  thermal  diffusivity  measuring  apparatus  was  also  fabricated.  This  ap¬ 
paratus,  based  on  the  laser  flash  method  [24]  .  consisted  quite  simply  of  a  75 
Atm  Chrome  1-Alumel  thermocouple  mounted  flat  on  a  small  plastic  sheet  with  two 
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weighted  clips  aountod  cn  either  side.  A  thin  staple  of  the  pyrotechnic  mate¬ 
rial  was  placed  directly  on  top  of  the  thermocouple  bead  and  the  two  weighted 
clips  were  positioned  just  at  the  edge  of  the  top  sample  surface  to  ensure  good 
sample,  to  thersoccuple  contact.  The  saaple  was  then  heated  by  a  short  laser 
pulse.  The  thermocouple  or.  the  back  face  of  the  sample  produced  a  signal  that 
was  fed  to  an  oscilloscope  for  analysis  and  determination  of  the  thermal  dif- 
fusivity. 


PELLET  FABRIC  A?  I  Oil 


Samples  of  the  B/Mg/PTFE  pyrotechnic  materials  .-.ere  consolidated  into 
pressed  pellets  for  testing.  Tne  ingredients  ased  included  magnesium  ponder 
of  325  mesh  size  and  93. 8"  purity;  a  granular  resin  of  FTPS  with  a  particle  di- 
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are  ter  of  a;  3Cp;m;  ana  a  subnicrar.  term  pc  .-.ie;'  composed  cf  unre  amorphous 
particles  with  a  C.lS^n  average  size. 

The  fabrication,  process  was  begun  by  /.cigh-ng  cut  the  apprczri&te  amounts 
of  dry  powders  cf  each  of  the  constituent  a  to  produce  C.525*cr  diameter  by  1.27 
cm  length  pellets  at  ICC"  of  thsoreti.il  a-::. nun  density.  A  theoretical  2’1 
length-to-diamstei  ratio  was  chosen  to  reduce  the  potential  cf  any  signifi¬ 
cant  lengthwise  density  gradient.  ThG  composition  was  then  thoroughly  mixed 
in  a  low  rpn  fuel  blender.  The  pellets  were  tn.en  consolidated  in  ar.  aoparatus 
cone  is  ting  cf  a  2.54  cm  diameter  steel  bar  12. “  cm  long  with  a  3.635  cm  hole 
through  its  center  serving  as  the  pellet  meld.  The  bar  was  clamped  tightly  be¬ 
tween  two  thick  plates  with  a  copper  gask&t  on  the  bottom  plate  for  sealing. 

A  stainless  steel  rod  C.620  cm  in  diameter  ••.as  used  as  the  pressing  mandrel. 

The  mold  was  filled  with  the  pyrotechnic  composition  and  the  apparatus  was 
placed  in.  a  compression  tester  for  pressing  The  s ancles  .ve: e  pressed  ’under 
a  maximum  force*  cf  310  kgf  (2CCC  led )  producing  a  oor.sol.daciou  pressure  of 
•40xl06  kg/m*  (40.000  psi) .  A  holdr.ro  time  of  tv o  minutes  was  then  employed 
upon  reaching  the  maximum  pressure. 

Figure  3  displays  the  variation  of  the  actual  density  from  tne  theoreti¬ 
cal  maximum  density  (?;'Tj  ss  a  fund. or.  of  tne  ooror.  .-.eignt  percentage  substi¬ 
tuted  for  magnesium  in  the  pyrotechnic  materials.  The  consolidation  pressure 
was  hold  constant  at  the  value  giver,  above.  Scr.co  fccror.  '.ps  =  2.24  g/css)  is 
35V.  acre  dense  than  magnesium  (p,\*y  =  ;  74  g/cr.3.' .  the  TMD  increases  aonotoni- 
cally  as  boron  is  substitutes  for  magnesium  in  the  formulae: cm.  Horever,  the 
actual  density  was  observed  to  decrease  as  the  boron  loading  increased.  The 
actual  density  dropped  significantly  with  c.-.ly  a  small  addition  of  boror.  up  to 
a  -OS  loading  and  then  leveled  off  &•;  . T3  g/cm2  up  to  25*,;  boron.  The  actual 

density  then  dropped  significantly  again  for  a  material  with  507,  boron  end  no 
magnesium.  It  can  obvious!  •  concluded  that  the  substitution  cf  beror.  fer 
magnesium  significantly  .  the  packing  efficiency  of  the  pyrotechnic  ma¬ 

terial  even  under  high  cv  *•-  tion  pressures. 

It  is  believed  that  .hi  .‘e'ct  may  be  partially  explained  by  the  'soft¬ 
ness  '  of  the  20  jir  nagne  iun  w.  ides  versus  the  more  rigid  sur-nicron  borer, 
particles.  Under  the  high  consolidation  pressures,  the  magnesium  particles 
will  compact  and  conform  .<or  c  readily  within  the  material  micro  structure  than 
the  boron  particles,  thus  producing  a  more  efficient  packing.  Another  reason 
for  this  beha-icr  was  derived  from  observations  by  Trapp  and  Bingham  [26]  in  a 
paper  on  the  manufactuis  cf  consolidated  pyrotechnic  pellets.  They  state 
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Figure  3  Comparison  of  actual  density  and  TMD  of  the  pressed  pellets  as  a 
function  of  the  boron  content  in  the  B/Mg/PTFE  compositions 


•that.  "When  pressing  dry  powders,  significant  effects  of  friction  are  appar¬ 
ent  due  to  (a)  inter-particle  friction,  (b)  particle  to  cylinder  wall  fric¬ 
tion.  and  (c)  friction  during  extraction."  Considering  item  (a),  the  rigid¬ 
ity  of  the  boron  particles  relative  to  the  magnesium  particles  produces  an 
increased  amount  of  inter-particle  friction  as  the  boron  loading  increases. 
Thus,  the  boron-loaded  material  cannot  flow  as  well  or  pack  as  efficiently, 
and  will  deviate  more  signif icantly  from  the  TMD.  Item  (c)  was  clearly  more 
prevalent  as  the  boron  loading  was  increased  as  it  became  very  difficult  to 
remove  the  rod  from  the  core  after  pressing  due  to  the  impedance  of  the  boron 
particles.  Also,  a  considerable  increase  in  item  (b)  as  the  percentage  of 
boron  is  increased  may  reduce  the  actual  force  imposed  on  the  sample  and  re¬ 
duce  the  actual  consolidation  pressure  with  a  corresponding  reduction  in  the 
actual  density. 


THERMAL  DIFFUSIVITY  CHARACTERIZATION 

The  laser  flash  method  proposed  by  Parker  et  al.  [24]  was  employed  to  de¬ 
termine  the  thermal  diffusivity  as  a  function  of  the  weight  percentage  of 
boron  substituted  for  magnesium  in  the  pyrotechnic  formulations.  Briefly,  the 
experimental  procedure  involves  heating  a  thin  sample  with  a  short-duration 
laser  pulse  and  measuring  the  temperature  rise  on  the  back  face  of  the  sample 
with  a  thermocouple.  The  temperature  trace  exhibits  a  slow  rise  and  then  lev¬ 
els  off  to  a  steady  value  when  the  sample  is  uniformly  heated.  A  simple  rela¬ 
tionship  derived  by  Parker  et  al.  [24]  is  tnan  employed: 


a  =  0.139 12/«1/2 


where  L  is  the  sample  thickness  and  t^/i  is  the  time  measured  from  the  begin 
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ning  cf  the  temperature  rise  to  1/2  the  maximum  temperature.  In  this  study, 
1.5-2. 5  mm  thick  pressed  pellets  of  the  various  compositions  were  used  as  test 
samples.  They  were  heated  in  open  air  with  a  300-400  watt  laser  pulse  of  1.5- 
3.5  ms  duration  depending  on  the  sample  formulation. 

The  thermal  diffusivity  behavior  of  the  B/Mg/PTFE  pyrotechnics  is  given 
in  Figure  4.  The  graph  indicates  that  the  substitution  of  small  percentages  of 
magnesium  with  boron  in  the  basic  50/50  Mg/PTFE  formulation  produces  a  drastic 
reduction  in  the  thermal  diffusivity.  The  trend  levels  off  at  a  boron  loading 
of  107,  and  the  addition  of  more  boron  up  to  50%  decreases  the  thermal  diffusiv¬ 
ity  only  slightly.  The  value  of  thermal  diffusivity  for  the  50/50  Mg/PTFE  for¬ 
mulation  was  c*mt  =  3.2xl0~2  cm2/sec.  This  value  is  twice  the  value  obtained 
by  Snyder  et  al.  [26]  for  an  MTV  formulation.  The  densities  (p)  of  these  two 
formulations  was  p.\/r  =  1-97  g/cm2  and  pmtv  =  1.84  g/cm3.  It  is  believed  that 
the  presence  of  a  significant  amount  of  Viton  A  in  their  MTV  formulation  is  the 
controlling  factor  producing  the  lower  Q-mtv  value,  not  the  slight  density 
difference  reported  here. 

Two  explanations  are  proposed  here  for  the  trend  observed  in  Figure  4. 
First,  the  thermal  diffusivity  of  magnesium  (a^g  —  0.876  cm2/sec)  is  about 
eight  times  that  of  boron  (ag  =  0.114  cm2/sec) .  Therefore,  the  replacement  of 
small  amounts  of  magnesium  with  boron  should  have  a  significant  effect  based 
solely  on  relative  thermal  dif  fusivities .  and  as  the  ratio  of  boron  to  mag¬ 
nesium  in  the  formulation  increases,  this  effect  will  become  much  less  pro¬ 
nounced,  producing  a  nonlinear  trend  overall.  This  agrees  with  the  trend  o'c  - 
served  by  Etter  et  al.  [25]  for  a  TiHo.6s/KC104  pyrotechnic  material. 

The  second  postulate  is  derived  from  the  work  of  Pierce  and  Leith  [23]  . 
Using  properties  of  TiHo.65  and  XC104  in  their  model,  they  presented  a  graph  of 
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Figure  4  Thermal  diffusivity  as  a  function  of  boron  content  in  the 
B/Mg/PTFE  pyrotechnic  materials 
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the  trends  cf  thermal  conductivity  (A)  and  heat  capacity  (C)  versus  percent 
of  theoretical  maximum  density  (%TMD) .  The  graph  indicates  that  as  the  %  TMD 
decreases,  the  thermal  conductivity  strongly  decreases  anu  the  heat  capac¬ 
ity  slowly  increases.  Calculations  made  using  this  graph  and  the  relation 
a  =  A I  pC  showed  that  at  a  I  TMD  of  85'/, ,  the  thermal  diffusivity  had  dropped 
12%.  Figure  3  indicates  that  the  10/40/50  B/Mg/PTFE  sample  had  a  density  85. 7% 
of  the  TMD,  and  Figure  4  indicates  that  the  thermal  diffusivity  of  this  sample 
formulation  had  dropped  80%  from  the  a  value  of  the  50/50  Mg/PTFE  sample.  The 
thermophysical  properties  of  TiHo.65/KC104  and  B/Mg/PTFE  materials  have  some 
considerable  differences,  so  a  direct  comparison  of  the  a  deviations  at  85% 
TMD  for  these  two  materials  is  not  feasible.  However. .even  though  the  magni¬ 
tude  o *  the  deviation  in  a  at  85%  TMD  differs  considerably,  the  trends  coin¬ 
cide  as  both  a  values  drop  a  noticeable  amount.  Thus,  the  work  of  Pierce  and 
Leith  [23]  lends  credibility  to  the  conclusion  that  the  trend  observed  in  Fig¬ 
ure  3,  where  the  actual  density  drops  considerably  from  the  TMD  up  to  a  boron 
percentage  of  10%.  plays  a  prominent  role  in  the  significant  drop  in  thermal 
diffusivity  up  to  10%  boron  content  that  is  observed  in  Figure  4. 


LASER  IGHITIQH  3EHAVIQR 

Figure  £  exhibits  the  ignition  delay  behavior  in  one  atmosphere  of  air  of 
five  different  B/Mg/PTFE  pyrotechnics  as  a  function  of  incident  heat  flux. 

Most  of  the  data  points  represent  an  average  of  several  test  data;  average 
values  were  used  to  produce  a  more  concise  and  readable  graph  since  the  ig¬ 
nition  delay  tests  were  quite  reproducible  and  the  data  points  at  given  condi¬ 
tions  were  very  close  to  each  other  (=8%  maximum  deviation) .  It  is  also  impor¬ 
tant  to  note  that  ignition  of  the  50/50  Mg/PTFE  formulation  was  not  sustained 
after  removal  of  laser  heating;  thus,  if  ignition  is  defined  as  the  onset  of 
self-sustaining  combustion,  then  this  curve  must  be  noted  as  representing  the 
onset  of  laser-assisted  combustion. 

Figure  5  once  again  exhibits  the  trend  that  substituting  small  amounts 
of  boron  for  magnesium  in  the  B/Mg/PTFE  formulations  has  a  dramatic  effect 
and  further  additions  of  boron  above  a  certain  level  have  a  less  significant 
effect.  It  can  be  seen  that  the  ignition  delay  time  decreases  as  both  the 
percentage  of  boron  and  the  incident  heat  flux  increase.  The  ignition  delay 
curves  for  both  the  35%  and  50%  boron  formulations  are  almost  exactly  concur¬ 
rent.  implying  that  increasing  the  boron  percentage  above  35%  has  almost  no 
effect  in  reducing  the  ignition  delay  times.  It  is  also  quite  interesting  to 
note  that  the  curves  are  roughly  of  exponential  form.  Due  to  the  fact  that  the 
high-power  CO;  laser  employed  in  this  research  was  unstable  below  a  power  set¬ 
ting  of  about  130  watts,  which  corresponds  to  a  heat  flux  of  «200  W/cn 2 ,  these 
lower  limits  of  ignitability  could  not  be  explored  with  the  current  experimen¬ 
tal  setup. 

Two  major  factors  could  account  for  this  trend  of  ignition  delay  as  a  func¬ 
tion  of  fcne  weight  percentage  of  boron  substituted  for  magnesium.  The  first 
factor  is  the  significant  difference  in  absorptivity  of  magnesium  and  boron  at 
the  10.6  <um  wavelength  of  the  CO;  laser.  Chen  [29]  reported  that  the  available 
literatuie  suggests  that  at  this  wavelength  the  absorptivity  of  magnesium  is 
lower  than  0.25,  but  boron  exhibits  a  very  high  absorptivity.  Chen  used  FTIR 
to  investigate  the  absorptivity  of  boron/HTPB  solid  fuels  at  a  10.6jxm  wave¬ 
length.  He  found  the  absorptivity  of  the  polymer  HTPB  to  be  only  0.2203,  but  a 
30/70  B/HTPB  formulation  exhibited  an  absorptivity  of  0.7328.  Thus,  it  can  be 
concluded  that  boron  has  a  very  high  absorptivity  at  the  10.6  jzm  wavelength 
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Figure  5  Ignition  delay  as  a  function  of  incident  heat  flux  and  sample 
ingredients  for  ignition  in  air  at  one  atmosphere 

of  the  CO2  laser,  and  the  actual  energy  flux  absorbed  by  the  sample  at  a  given 
incident  heat  flux  increases  considerably  a3  the  weight  percentage  of  boron  is 
increased. 

The  second  factor  accounting  for  the  trend  observed  in  Figure  5  is  the 
strong  effect  the  thermal  diffusivity  of  the  test  samples  has  on  the  thermal 
wave  profile  in  the  subsurface  region  during  the  inert  heating  period  prior 
to  ignition.  As  small  amounts  of  boron  are  substituted  for  magnesium  in  the 
composition,  the  thermal  diffusivity  decreases  dramatically  (see  Figure  4) . 
Thus,  the  energy  input  to  the  sample  surface  cannot  diffuse  readily  into  the 
solid  material.  The  energy  becomes  increasingly  concentrated  at  the  sample 
surface,  inducing  a  rapid  rise  in  surface  temperature  which  quickly  leads  to 
the  attainment  of  ignition.  By  comparing  Figures  4' and  5,  it  can  easily  be 
conceived  that  the  functional  dependence  of  thermal  diffusivity  on  boron  con¬ 
tent  has  a  dominant  effect  on  the  ignition  delay  behavior  of  the  pyrotechnic 
materials. 


COMBUSTION  CHARACTERISTICS 

The  principal  parameter  investigated  in  evaluating  the  combustion  char¬ 
acteristics  of  the  B/Mg/PTFE  pyrotechnics  was  the  burning  rate  of  the  test 
samples.  Samples  were  heated  by  tho  CO2  laser  just  long  enough  to  produce  ig¬ 
nition  so  that  the  subsequent  combustion  behavior  would  be  independent  of  the 
laser  heating.  In  order  to  observe  steady-state  combustion  behavior  beyond 
the  ignition  period,  ignition  delay  times  of  the  test  samples  were  estimated 
from  both  the  previous  work  of  Fetherolf  et  al.  [3]  and  the  ignition  delay 
data  presented  in  Figure  5.  The  laser  heating  time  was  set  as  1.5  times  the 
estimated  ignition  delay  at  the  desired  heat  flux  to  provide  a  margin  for  test 
variation.  Thus,  both  a  laser-induced  ignition  delay  time  as  a  function  of  in¬ 
cident  heat  flux  and  a  laser-independent  bunting  rate  were  obtained  from  each 
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Figure  6  Burning  rats  as  a  function  ct  borer,  v/eigfct  percentage  in  the 

B/Mg/PTFE  compositions  for  combustion  in  air  at  one  atmosphere 


test.  The  burring  rates  obtained  were  found  to  be  totally  independent  of  the 
incident  heat  flux. 

Figure  6  e;±ii>its  the  burning  rate  behavior  in  ere  atmosphere  ci  air  of 
the  B/Mg/PTFE  pyrotechnic  materials  a3  a  function  of  the  boron  weight  percent¬ 
age.  It  is  important  to  r.ote  that  there  exists  a  self -sustained  deflagration 
limit  i'SSDL)  at  10%  boror.  content  below  vhich  the  samples  v/ould  ignite  but 
immediately  extinguish  upon  termination  or  the  laser  nea ting.  F.epeated  ex¬ 
periments  were  conducted  with  samples  containing  0/, ,  2%.  and  5"  boron,  and  no 
self-sustained  deflagration  was  observed.  Ever,  if  the  lasing  time  was  set  at 
several  times  the  estimated  ignition  delay  time,  the  samples  would  not  sustain 
deflagration  after  removal  of  laser  heating,  although  a  laser- induced  burn¬ 
ing  rate  could  be  observed.  The  trend  3eer.  ir.  Figure  6  is  quite  interesting 
in  that  the  10/40/50  B/Mg/PTFE  formulation  which  is  on  the  border  of  the  SSDl^ 
also  has  the  highest  burning  rate ,  and  further  addition  of  boron  above  the  10" 
loading  causes  the  burning  rate  to  decrease  rcnoterically 

Figures  7a-7d  display  the  near- inf  rated  emission  of  four  different 
B/Mg/PTFE  compositions  upon  ignition,  "ote  that  the  time  seal?  of  Figure  7  a 
is  different  from  the  other  three  figures.  It  should  also  be  noted  that  the 
near-infrared  emission  in  Figure  7a  represents  laser-induced  combustion  as 
the  laser  remained  on  for  the  duration  of  that  test.  However,  the  other  three 
figures  represent  seif-sustained  combustion  after  a  period  of  laser  heating 
slightly  longer  than  the  ignition  delay  of  the  sample. 

Several  trends  are  evident  from  the  near-ir.f rared  emission  traces  ir.  Fig¬ 
ure  7.  As  discussed  earlier  in  the  paper,  the  length  of  the  igniticn  delay 
time  decreases  as  the  beror.  loading  increases  Also,  high-frequency  fluctu¬ 
ations  are  evident  in  the  traces,  but  the  magnitude  of  these  fluctuations  ap¬ 
pears  tc  decrease  as  the  amount  of  boron  increases,  suggesting  a  more  stable 
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combustion  with  an  .increase  in  boron  loading.  This  observation  was  also  evi¬ 
dent  in  the  high-speed  video  images  as  both  the  two-phase  plume  and  the  flame 
structure  became  more  stable  as  the  percentage  of  boron  was  increased.  The 
high-speed  videos  of  burning  of  the  35/15/50  B/Mg/PTFE  formulation  displayed 
a  very  stable  combustion,  and  this  stability  is  also  evident  in  Fig.  7d  where 
the  near-IR  emission  trace  is  nearly  a  horizontal  line.  Viasaann  [30]  has  stud¬ 
ied  the  pulsating  burning  of  flares  and  deduced  that  the  pulsations  could  be 
due  to  competing  chemical  reactions  with  opposite  paths,  competing  physical 
processes  such  as  evaporation,  heat  flow,  and  heat  accumulation,  or  a  combina¬ 
tion  of  both  effects.  It  is  conceivable  that  the  pulsations  observed  in  Figure 
7  could  be  due  to  such  competing  processes. 

It  is  also  obvious  from  Figure  7  that  the  magnitude  of  the  near-infrared 
emission  is  significantly  higher  for  the  intermediate  boron  loadings  of  10?, 
and  20?,  ti,v  >  for  the  low  or  high  boron  loadings .  In  previous  work  by  the  au¬ 
thors  [3]  employing  the  same  photodiode  setup,  the  maximum  magnitude  of  near- 
infrared  emission  for  the  vigorous  combustion  of  an  MTV  igniter/flare  mate¬ 
rial  was  «200  millivolts.  Therefore,  it  appears  that  the  addition  of  inter¬ 
mediate  amounts  of  boron  to  a  Mg/PTFE  composition  significantly  augments  the 
near-infrared  emission. 

Figure  3  displays  three  images  obtained  with  the  Spin  Physics  high-speed 
video  system.  As  is  noted  in  Figure  8a,  the  left  image  is  the  direct  view  of 
the  flame  structure  and  the  right  image  is  the  schlieren  view  of  the  two-phase 
plume.  Figure  8a  displays  the  on-screen  reticle  used  no  measure  burning  rates 
and  also  to  align  the  sample  surface  at  the  same  initial  height  in  both  images . 
The  images  were  obtained  at  a  recording  speed  of  1000  pictures  per  second.  The 
size  of  the  image  is  «1.5  times  larger  in  the  schlieren  image  than  in  the  di¬ 
rect  image. 

Figure  8a  exhibits  the  steady-state  burning  of  a  20/50/50  B/Mg/PTFE  sam¬ 
ple.  The  high-speed  videos  showed  numerous,  glowing,  fine  particles  being 
evolved  from  the  flame.  The  particles  are  not  clearly  seen  in  this  still  pho¬ 
tograph,  but  they  comprise  the  'haze'  seen  on  both  sides  of  the  flame  stem 
and  their  motion  is  quite  evident  in.  the  high-speed  movies.  In  the  schlieren 
image,  the  particles  are  clearly  seen  evolving  from  the  dark  gradients  that 
envelop  the  central  stream  of  hot  gases  corresponding  to  the  flame  observed 
in  the  direct  image.  Fast,  repetitive  fluctuations  in  the  two-phase  plume 
were  observed,  but  it  was  not  distinctly  evident  that  they  corresponded  to 
the  fluctuations  of  the  near-infrared  emission  seen  in  Figure  7c.  The  large 
amount  of  glowing  particles  being  emitted  from  the  flame  may  also  be  partly 
responsible  for  the  observed  fluctuations  in  the  near-IR  emission.  Figure  8b 
is  a  picture  of  the  deflagration  of  a  35/15/50  B/Mg/PTFE  sample.  Very  large, 
glowing  agglomerates  are  observed  being  evolved  from  the  flame.  The  turbu¬ 
lence  seen  in  the  left  hand  side  of  the  schlieren  image  corresponds  to  the 
glowing  agglomerate  just  exiting  the  flame  on  the  middle  left  hand  side  of  the 
direct  image.  This  agglomerate  is  about  the  median  size  observed  being  con¬ 
tinuously  evolved  in  the  high-speed  movies.  Despite  the  size  and  number  of 
these  agglomerates  being  evolved,  the  burning  rate  of  this  formulation  was 
very  consistent  and  the  combustion  very  stable  (see  Figure  7d)  .  Figure  8c  dis¬ 
plays  the  rauher  bizarre  ‘burning’  of  a  50/50  B/PTrE  formulation.  The  reticle 
indicates  the  location  of  burning:  however,  this  is  not  a  burning  surface  but 
a  ‘deflagration  region'  which  is  observed  to  propagate  down  through  the  pel¬ 
let,  leaving  a  glowing  char  behind  as  seen  in  the  direct  image. 


(a)  20/30/50  B/Mg/PTFE 

(b)  35/15/50  B/Mg/PTFE 

(c)  50/50  B/PTFE 
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Figure  9  displays  three  photographs  of  schlieren  images  recorded  us¬ 
ing  the  Spin  Physics  system  at  500  pps .  The  size  of  this  schlieren  image  is 
slightly  less  than  twice  that  of  the  schlieren  image  shown  in  Figure  8.  A  neu¬ 
tral  density  filter  was  employed  to  reduce  the  flame  intensity  observed  in  the 
schlieren  images,  and  this  permitted  observation  of  the  high-intensity ,  near¬ 
surface  flame  zone.  The  intensity  of  the  near-surface  flame  was  so  strong  that 
it  overpowered  the  light  intensity  of  the  100  watt  tungsten-halogen  lamp  used 
as  the  schlieren  system  light  source. 

Figure  9a  shows  the  burning  of  a  10/40/50  B/Mg/PTFE  composition.  Here, 
a  relatively  well-defined  flame  zone  as4  mm  in  height  was  observed  to  stabi¬ 
lize  on  and  above  the  sample  surface  throughout  the  steady-state  deflagra¬ 
tion.  The  combustion  of  a  20/30/50  formulation  is  displayed  in  Figure  9b,  and 
the  flame  zone  here  appears  to  be  slightly  more  diffuse  with  a  peak  about  twice 
the  height  of  the  flame  zone  for  the  10/40/50  sample.  The  fine  particles  being 
evolved  in  the  schlieren  image  in  Figure  8a  are  also  quite  evident  in  Figure 
9b.  The  burning  of  the  35/15/50  B/Mg/PTFE  composition  seen  in  Figure  9c  does 
not  exhibit  a  well-defined,  stable  flame  zone.  Instead,  small  flamelets  are 
observed  dancing  around  within  the  central  region  of  the  plume.  The  dark  re¬ 
gions  on  bo-^h  sides  of  the  plume  are  believed  to  be  gradients  produced  by  hot 
gases  surrounding  the  large  agglomerates  being  evolved  by  the  combustion  pro¬ 
cess  (see  Figure  8b)  .  Some  of  these  agglomerates,  with  hot  gases  streaming 
from  them,  are  seen  descending  in  the  lower  background. 

Several  physical  and  chemical  processes  believed  to  be  dominant  in  ac¬ 
counting  for  the  combustion  behavior  observed  in  Figures  6-9  will  now  be  dis¬ 
cussed.  As  was  mentioned  in  explaining  the  ignition  delay  behavior  of  these 
materials,  it  is  believed  that  the  rigorous  burning  observed  for  the  10/40/50 
B/Mg/PTFE  composition  can  partially  be  explained  by  the  significant,  lowering 
of  the  thermal  aiffusivity  with  only  a  10X  boron  loading  (see  Figure  4) .  Since 
the  energy  input  at  the  sample  surface  cannot  diffuse  readily  into  the  solid 
material,  the  energy  concentrates  near  the  surface  and  enhances  the  rate  of 
burning  on  the  surface.  However,  since  the  thermal  aiffusivity  changes  very 
little  as  the  boron  loading  is  increased  above  10*/,,  ix  is  apparent  that  other 
physicochemical  processes  are  involved  in  the  monotonic  decline  of  the  burn¬ 
ing  rate  with  respect  to  boron  weight  percentage. 

An  important  heat  transfer  mechanism  often  discussed  in  explaining  burn¬ 
ing  rata  behavior  [6,  15,  16,  20]  is  the  heat  feedback  from  the  gas-phase  re¬ 
actions  to  the  burning  surface.  Figures  9a-9c  show  that  as  the  boron  content 
in  the  B/Mg/PTFE  compositions  increases,  the  near-surface  flame  zone  becomes 
more  diffuse  and  less  intense.  Thus,  there  is  less  heat  transfer  from  the  gas- 
phase  reactions  back  to  the  burning  surface  as  the  boron  content  increases, 
which  consequently  produces  a  decrease  in  burning  rate  as  seen  in  Figure  6. 

The  trend  observed  in  Figure  7  also  lends  some  credibility  to  this  hypothe¬ 
sis  as  the  drop  in  intensity  from  20'/,  to  35X  boron  content  is  clearly  evident 
in  Figures  7c  and  7d.  However,  the  photodiode  cannot  discriminate  a  drop  in 
near-surface  intensity  from  10y,  to  20'/,  boron  content  (Figures  7b  and  7c)  be¬ 
cause  of  insufficient  spatial  resolution;  it  measures  the  same  intensity  for 
both  flam*  regions  seen  in  Figures  9a  and  9b  even  thovgh  the  flame  in  Figure  9b 
appears  more  diffuse  than  that  in  Figure  9a. 

Several  hypotheses  have  been  developed  in  an  attempt  to  understand  the 
chemical  processes  occuring  in  the  combustion  of  the  B/Mg/PTFE  pyrotechnic 
r‘  ‘•erials.  These  hypotheses  refer  to  the  following  reactions: 
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2Mg-f-i(C2F4)n—2MgF2-f2C  (l) 

4B~-f  (C2F4)„ — >43F3-r  6C  (2) 

^Mg-f-^Bv^(C2F4)n— • f  MgF2  -f  ^BF3  +  (3) 

fi024-(C2F4)  n — *-2nC0F2  (4) 

B203-f  3Mg — >28-r3MgO  (5) 

2B203-f6F2 — >3024-4BF3  (6) 


Reactions  (l)-(3)  assume  ideal  combustion  of  the  metal  counterparts  of 
the  B/Mg/PTFE  materials  with  the  carbon  in  the  PTFE  considered  inert.  In  the 
present  tests,  the  diffusion  of  ambient  oxygen  into  the  near-surface  reac¬ 
tion  tone  is  assumed  negligible  due  to  the  high  velocity  of  the  pyrolysis  and 
product  gases  evolved  from  the  surface  and  reaction  zone;  thus,  the  reaction 
with  fluorine  dominates  the  metal  combustion  process  [26]  .  Fetherolf  et  al. 

[3]  observed  the  same  near- surf  ace  flame  structure  and  intensity  for  combus¬ 
tion  of  an  MTV  material  in  both  air  and  inert  environments,  which  supports  the 
latter  assumption.  The  stoichiometric  weight  percentages  are  32.77,  Mg  for 
reaction  (1)  [7,  20]  and  12. 6%  B  for  reaction  (2)  [20] .  Therefore,  the  50/50 
B/PTFE  composition  has  a  significant  excess  of  boron.  It  is  believed  that  the 
unusual  burning  seen  in  Figure  8c  for  this  composition  is  due  to  the  boron  act¬ 
ing  as  an  ‘energy  sink’  [15] .  The  boron  absorbs  energy  from  any  exothermal 
processes  occuring  during  sample  combustion,  but  because  the  boron  is  present 
in  excess .  it  distributes  the  energy  and  does  not  allow  the  sample  to  locally 
attain  the  ignition  temperature  of  boron  (sal990  K)  .The  glowing  char  observed 
in  Figure  8c  is  believed  to  be  this  heated  boron.  The  ‘burning’  seen  in  Fig¬ 
ure  8c  is  believed  to  be  primarily  due  to  reaction  of  pyrolyzed  PTFE  with  the 
ambient  oxidizer  as  proposed  in  reaction  (4) . 

The  intense  flame  zones  observed  in  Figure  9  are  believed  to  be  primarily 
due  to  reaction  (1) .  Fetherolf  et  al.  [3]  observed  a  flame  zone  «1.5  mm  thick 
of  similar  structure  and  intensity  for  combustion  of  MTV  materials  using  the 
same  experimental  setup.  Magnesium  flames  have  very  high  emissivities  close 
to  one  [29]  ,  thus  producing  very  intense  emission.  It  is  hypothesized  that  as 
the  boron  content  increases  and  the  Mg  content  decreases,  t’he  flame  intensity 
will  decrease  due  to  reduction  of  the  amount  of  Mg  available  for  reaction  in 
the  near-surface  flame  zone.  Also,  as  the  boron  content  increases,  the  ‘en¬ 
ergy  sink'  effect  of  the  boron  particles  will  become  more  prominent  and  take 
away  energy  from  the  combustion  zone.  The  large,  glowing  agglomerates  in  Fig¬ 
ure  8b  are  ‘mobile  energy  sinKs  removing  useful  energy  from  the  flame  zone. 
Both  these  effects  of  a  lower  flame  intensity  as  the  Mg  content  decreases  and 
useful  energy  being  constrained  by  the  boron  particles  as  the  boron  content 
increases  contribute  to  the  trend  of  lower  burning  rates  as  the  boron: Mg  ratio 
in  the  compositions  increase  above  10%.  The  intensity  trends  of  Mg/PTFE  and 
B/PTFE  flames  as  reported  by  Shidlovskii  and  Gorbunov  [20]  also  lend  credibil¬ 
ity  to  this  hypothesis  and  substantiate  the  trend  observed  in  Figure  9. 

A  major  factor  in  the  combustion  of  boron  is  the  removal  of  the  nonporous 
oxide  layer  (8203)  which  coats  the  elemental  boron  particle.  This  layer  is  on 
the  order  of  0.001-0.1  /zm  thick  [14] ,  and  the  physicochemical  processes  lead¬ 
ing  to  its  removal,  permitting  combustion  of  the  clean  boron  particle  surface, 
are  very  complex.  Nemodruk  and  Karalova  [31]  state.  "  At  high  temperatures, 
B2Q3  is  t educed  by  many  metals,  for  example  Mg,  to  fore  elementary  boron  "  They 
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also  state Fluorine  resets  readily  with  B2O3  to  form  BF3."  Reactions  (5) 
and  (6)  were  formulated  from  these  two  statements.  Reaction  (5)  is  also  known 
as  the  ’Meissen  Process’  and  is  used  in  industry  to  produce  elementary  boron 
[32] .  It  is  hypothesized  that  these  reactions  (5  li  6)  may  occur  in  B/Mg/PTFE 
materials ,  producing  a  quicker  and  more  efficient  removal  of  the  oxide  layer 
from  the  boron  particle  so  that  it  can  react  with  fluorine  as  in  reaction  (2) , 
releasing  a  high  amount  of  energy  to  augment  the  burning  of  the  B/Mg/PTFE  py¬ 
rotechnic  materials. 


COHCLUSIOHS 


The  combustion  characteristics  and  CCo  laser  ignition  behavior  of  pressed 
pellets  of  B/Mg/PTFE  p/rotechnic  materials  were  investigated  as  functions 
of  boron  content  in  the  sample .  All  tests  were  conducted  in  air  at  one  atmo¬ 
sphere.  When  the  pyrotechnic  pellets  were  fabricated,  the  actual  densities  of 
the  pellets  were  observed  to  decrease  as  the  boron  weight  percentage  increased 
despite  the  theoretical  maximum  density  (TMD)  increasing  as  boron  content  in¬ 
creased.  It  was  believed  that  the  rigid  boron  particles  restricted  the  flow 
of  the  material  under  the  high  consolidation  pressure  (I40xl06  kg/a2)  and  in¬ 
creased  the  inter-particle  friction,  thus  reducing  the  packing  efficiency  and 
causing  the  actual  density  to  deviate  from  the  TMD,  with  the  effect  being  most 
significant  at  low  boron  contents  up  to  10%. 

Thermal  diffusivities  were  measured  using  a  laser  flash  method.  The 
thermal  diffusivity  (a)  was  found  to  decrease  drastically  as  small  amounts 
of  boron  up  to  10%  were  added  to  the  formulation.  The  a  value  dropped  only 
slightly  as  acre  boron  was  added  above  10%.  Two  factors  were  used  to  explain 
this  behavior.  First,  as  is  about  eight  times  less  than  ocMg,  so  the  addition 
of  small  amounts  of  boron  significantly  reduces  the  overall  a  value.  Second, 
the  significant  reduction  in  %  TMD  as  up  to  10%  of  boron  is  added  to  the  formu¬ 
lation  is  believed  to  be  prominent  in  the  significant  reduction  in  the  a  value 
up  to  a  10%  boron  content . 

The  ignition  delay  times  were  observed  to  decrease  as  the  incident  heat 
flux  increased  and  the  boron  weight  percentage  increased.  This  trend  was  less 
significant  at  the  higher  boron  weight  percentages.  Two  parameters  were  con¬ 
sidered  in  explaining  this  behavior:  the  absorptivity  at  the  10.6/im  wave¬ 
length  of  the  CO2  las-  r  and  the  thermal  diffusivity  of  the  samples.  The  ab¬ 
sorptivity  of  Mg  is  <  0.25  at  this  wavelength,  but  boron  exhibits  a  very  high 
absorptivity:  thus,  an  increase  in  boron  content  significantly  increases  the 
effective  heat  flux  absorbed  by  the  samples  and  lowers  the  ignition  delay.  The 
significant  decrease  in  t-he  a  value  as  boron  content  is  increased  causes  the 
incident,  energy  to  remain  concentrated  at  the  surface .  which  produces  a  more 
rapid  rise  in  surface  temperature  and  quicker  attainment  of  ignition. 

Thi  burning  rate  of  the  B/Mg/PTFE  pyrotechnic  materials  dropped  monoton- 
ically  from  its  maximum  at  10%  boron  content  as  the  percentage  of  boron  was 
increased  above  10%.  Interestingly,  s.  If -sustained  deflagration  was  not  ob¬ 
served  for  any  formulations  with  lower  than  10%  boron  content.  Hear- infrared 
emission  was  observed  to  be  significantly  higher  for  combustion  of  samples 
containing  10%  and  20%  boron.  Fluctuations  observed  in  the  near-IR  emission 
for  low  boron  contents  decreased  as  the  percentage  of  boron  was  increased. 

High  speed  videos  of  the  flame  structure  and  the  two  phase  pliue  dynamics 
showed  that  as  the  boron  content  increased,  the  size  of  the  particles  evolved 
from  the  surface  increased  and  the  near-surface  flame  zone  became  -.ore  diffuse 
and  less  intense. 
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Several  physicochemical  processes  were  proposed  to  account  for  the  ob¬ 
served  combustion  behavior.  As  was  mentioned  in  discussing  the  ignition  delay 
behavior,  the  significant  decrease  in  the  a  value  up  to  a  boron  content  of  10% 
is  believed  to  increase  the  level  of  surface  energy  and  thus  enhance  the  sur¬ 
face  burning.  Above  10%  boron,  the  decrease  in  burning  rate  as  boron  content 
increases  is  attributed  to  the  reduction  in  heat  feedback  from  the  gas-phase 
reactions  to  the  sample  surface  evidenced  by  the  changes  in  flame  structure. 
The  intense  near-surface  flame  zone  is  believed  to  be  primarily  due  to  the 
fluorination  of  Mg.  It  is  also  believed  that  boron  particles  may  act  as  ‘en¬ 
ergy  sinks’  if  they  cannot  attain  their  high  ignition  temperature ,  thus  reduc¬ 
ing  the  energy  available  for  other  physicochemical  processes  in  the  sample. 
Thus,  it  was  concluded  that  as  the  Mg  content  decreases  and  the  boron  con¬ 
tent  increases,  the  near- surface  flame  intensity  and  the  energy  available  at 
the  surface  are  both  reduced,  producing  a  decrease  in  the  burning  rate  as  the 
boron  content  increases.  Finally,  it  was  also  concluded  that  with  the  proper 
conditions  magnesium  and  fluorine  nay  react  with  the  nonporous  oxide  layer  on 
the  boron  particle,  causing  a  quicker  and  more  efficient  removal  of  the  layer, 
producing  a  clean  boron  particle  available  for  energetic  reaction. 
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A8STRACT 

The  Ignition  of  two  types  of  boron-based  solid  fuels,  one  with  a  hydrocarbon  binder  and  the  other  ' 
with  an  energetic  binder,  have  been  studied,  and  the  results  suggest  that  the  energetic  binder  enhances 
the  ignition  and  combustion  of  boron.  Ignition  delay  times  for  both  types  of  solid  fuels  were  found  to 
decrease  with  the  addition  of  boron  to  the  pure  fuels.  The  Ignition  process  for  both  types  of  solid 
fuels  began  In  the  gas  phase;  then  the  reaction  zone  propagated  toward  the  surface  of  the  condensed 
phase.  Both  high-speed  schlieren  and  direct  photography  systems  were  used  to  study  the  pyrolysis  and 
Ignition  of  the  solid  fuels.  A  physical  explanation  of  the  trends  observed  Is  given  for  quiescent 
ambient  conditions  and  for  low  velocity  crossflow  conditions.  Ignition  tests  with  the  incorporation  of 
additives  Into  the  boron-based  hydrocarbon  solid  fuel  were  also  performed.  Results  show  that  cerium 
fluoride,  magnesium,  and  magnesium/aluminum  decrease  ignition  delay  time  with  cerium  fluoride  having 
the  largest  effect. 


INTRODUCTION 

Boron  continues  to  be  a  very  attractive  metal  for  use  in  ramjet  combustion  systems  because  of  Its 
high  volumetric  heating  value.  However,  the  high  melting  point  (2450  K)  and  boiling  point  (3931  K)  of 
elemental  boron  cause  serious  ignition  and  combustion  efficiency  problems.  The  Ignition  process  of 
solid  fuel  plays  a  critical  role  during  the  transition  from  the  booster  motor  to  the  ramjet  mode  of 
operation.  During  the  transition,  ram  air  Is  allowed  to  enter  the  combustion  chamber  to  provide  the 
necessary  oxygen  with  adequate  temperature  to  Ignite  the  solid  fuel.  Thus,  the  Ignition 
characteristics  of  tne  candidate  'uels  should  be  understood  to  ensure  the  proper  operation  of  the 
ramjet  engine. 

Ignition  based  on  a  thermal  stimulus  can  be  caused  by  three  different  types  of  external  sources. 
Convective  heating  of  a  solid  fuel  to  ignition  can  be  achieved  with  the  passage  of  hot  gases  flowing 
over  the  sample  surface.  In  laboratory  studies,  such  kinds  of  flow  conditions  can  be  simulated  using  a 
shock  tunnel*  or  a  blowdown  wind  tunnel.  Radiative  heating  of  a  solid  fuel  to  Ignition  can  be  achieved 
by  using  a  well -control led  external  energy  source,  such  as  an  arc  Image  furnace2  or  a  laser  Ignition 
system. 3  Conductive  Ignition  can  be  attained  through  the  direct  contact  of  a  solid  fuel  with  hot  solid 
particles,  liquid  droplets,  or  gases.  Electrically  heated  hot  wires4  can  also  be  used  for  conductive 
ignition  purposes. 

In  the  current  study,  a  radiant  energy  source  from  a  CO2  laser  has  been  used  to  study  ignition 
characteristics.  The  CO2  laser  can  deliver  a  desirable  energy  flux  during  a  prescribed  time  period. 

One  major  advantage  Is  due  to  Its  high  reproducibility.  Also,  the  laser  can  simulate  a  broad  range  of 
heat  fluxes  that  the  solid  fuel  would  receive  inside  an  actual  ramjet  engine.  Furthermore,  with  the 
advancement  of  high-powered  miniature  lasers,  it  Is  foioseeable  that  radiative  energy  can  be  used  In 
actual  ramjet  engines. 

When  a  radiative  energy  source  Is  used  for  Ignition,  the  effect  of  attenuation  of  the  Incident 
radiation  by  the  pyrolyzsd  gases  must  be  considered.  When  gases  and  particles  are  evolved  from  the 
solid  fuel  surface,  they  will  absorb  and  scatter  some  of  the  Incident  laser  energy.  Kashlwagl6 
observed  this  phenomena  when  Igniting  PMMA  and  red  oak  under  raiiatlve  heating,  and  he  measured  values 
of  70-80  percent  attenuation  after  five  seconds.  In  the  present  study,  the  Ignition  delay  time  for  the 
solid  fuels  are  much  shorter  than  five  seconds  (on  the  order  of  7  to  12C  ms).  To  determine  the  effect 
of  laser  energy-flux  attenuation  by  the  presence  of  pyrolysis  products  on  the  Ignition  process,  tests 
were  conducted  with  and  without  a  low-velocity  crossflow  to  remove  a  larger  fraction  cf  pyrolyzed  gases 
from  a  considerable  distance  above  the  surface. 

A  variety  of  criteria  have  been  used  by  other  workers  In  the  experimental  determination  of 
Ignition. ^  Some  of  the  typically  used  criteria  Include  first  appearance  of  luminosity,  onset  of  light 
emission  detected  by  a  photodiode  or  photocell,  onset  of  mass  loss,  abrupt  rise  In  surface  temperature 
from  a  thermocouple  trace,  and  achieving  sustained  combustion  by  a  go/no-go  test.  The  criteria  used 
here  Is  the  onset  of  light  emission  corresponding  to  the  delay  time  from  the  start  of  laser  heating  to 
the  onset  of  the  first  light  detected  by  a  photodiode. 
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Two  groups  of  solid  fuels  were  Investigated  to  observe  their  Ignition  characteristics.  One 
consisted  of  hydroxyl  terminated  polybutadiene  (HTPB)  with  various  boron  loadings.  HTPB  Is  the  most 
popular  binder  used  In  conventional  solid  propellants  because  of  Its  low  cost,  reliability,  desirable 
mechanical  properties,  and  long  aging  life.  The  other  consisted  of  a  copolymer  of  3, 
3-b1s[az1domethyl]  oxetane  and  3-nitratomethyl-3-methy1  oxetane  (8AM0/NMM0)  with  the  addition  of 
boron.8  8AMO/MM5  Is  a  new,  highly  energetic  binder  which  may  enhance  the  combustion  efficiency  of 
boron  significantly.  The  chemical  structures  of  HTPB  and  BAMO/NMMO  are  shown  In  Fig.  1. 


Fig.  1  Chemical  Structures  of  HTPB  Cured  with  IPOI  and  the  Polymers  of  BAMO  and  NH10 


In  addition  to  these  two  groups  of  fuels,  the  effects  of  additives  on  light  emission  delay  time 
were  also  studied.  The  combust  Ion, of  boron  can  be  enhanced  significantly  by  adding  small  amounts  of 
magnesium  and/or  aluminum  powders. Another  possibility  for  the  enhancement  of  boron  combustion, 
proposed  by  many  Investigators,  Is  the  addition  of  a  fluorine  compound  Into  the  fuel.  The  additives 
studied  Include  magnesium,  magnesium/aluminum,  and  cerium  fluoride,  which  were  mixed  directly  Into 
boron/HTPB  samples. 

EXPERIMENTAL  APPROACH 

A  high-powered  COj  laser  (Coherent  Super  48}  was  used  as  the  radiative  Ignition  source.  The  laser 
is  capable  of  generating  800  watts  In  the  continuous  mode  of  operation  and  3500  watts  In  pulsed  mode. 
The  continuous  mode  was  used  In  all  Ignition  tests.  Figure  2  shows  a  schematic  diagram  of  the  CO? 
laser  test  facility.  In  order  to  generate  a  relatively  uniform  beam,  ?  thin  sheet  metal  mask  with  a  7 
nm  diameter  hole  was  utilized  to  allow  only  a  uniform  portion  of  the  laser  beam  incident  to  the  sample 
surface.  The  '•esulting  spatial  variation  of  the  beam  intensity  was  measured  and  found  to  be  i  10 
percent.  Tc  es  ore  the  level  of  laser  energy  input  to  the  sample,  the  actual  heat  flux  at  the  sample 
location  was  ,>e.  sured  before  each  test  using  a  calorimeter. 


Fig.  2  Schematic  of  Experimental  Apparatus  Used  in  CO2  Laser  T«ts 
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A  test  chamber  (25  cm  cube)  was  fabricated  using  2.54  cm  thick  plexiglass  and  a  1.25  cm  thick 
stainless  steel  top  cover.  The  transparent  nature  of  this  chamber  allows  visual  access  from  all 
directions.  Two  high  quality  glass  windows  were  mounted  on  opposite  sides  of  the  chamber  to  facilitate 
schlieren  photography.  In  order  to  record  the  light  emission  from  the  solid  fuel,  two  near  Infrared 
photodiodes  were  mounted  rigidly  at  specific  locations  In  the  chamber.  One  photudiode  was  positioned 
close  to  the  sample  surface  (see  Fig.  3)  to  determine  the  first  light  emission.  For  comparison 
purposes,  a  second  photodiode  was  place  farther  away  and  was  used  to  view  a  larger  region  of  the  plume 
de.elopment  process  during  pyrolysis  and  ignition  of  the  solid  fuel  sample.  The  spectral  response  of 
the  photodiodes  is  between  the  wavelengths  of  0.35  and  1.15  micrometers. 

A  high-speed  video  recording  system  (Spin  Physics  2000)  was  used  to  register  the  dynamic  behavior 
of  the  flame  structure  at  a  framing  rate  of  2,000  pps.  The  system  accorwodates  two  cameras  which 
recorded  the  schlieren  images  and  direct  photographs  simultaneously.  The  schlieren  Image  can  detect 
clearly  the  Initiation  of  the  solid  fuel  gasification,  pyrolysis,  and  the  subsequent  ignition  steps; 
whereas  the  direct  photograph  provides  Information  about  luminous  flame  development  above  the  solid 
fuel  sample. 

The  majority  of  testing  was  performed  in  an  initially  quiescent  environment;  however,  some  tests 
with  crossflow  were  performed  to  study  the  effect  of  attenuation  of  the  Incident  laser  beam  by  the 
pyrolyzed  gases  and  particles  (see  Fig.  3  for  the  location  of  the  cross-flow  nozzle).  The  crossflow 
was  maintained  at  a  specific  velocity  and  was  positioned  In  such  a  way  as  to  remove  the  pyrolyzed  gases 
without  Introducing  convective  cooling  of  the  sample  surface. 


Fig.  3  Position  of  Near-Field  Photodiode  and  Crossflow  with  Respect  to  the  Solid  Fuel  Sample 


EXPERIMENTAL  RESULTS  AhO  DISCUSSION 


Quiescent  Ambient  Condition 


Figure  4  shows  two  photodiode  traces  obtained  for  the  ignition  of  HTPB  with  the  addition  of  30 
percent  boron  [l.e.,  boron/HYP8  (30/70)]  at  two  different  heat  fluxes.  Three  important  points  are 
noted  on  each  of  the  traces;  first  light  emission  (defined  at  an  output  rf  rive  miilrvo’ts  from  the 
photodiode),  an  abrupt  increase  in  light  emission,  and  maximum  light  Intensity.  As  the  heat  flux 
Increases,  the  time  for  each  event  to  take  place  decreases.  At  low  heat  fluxes,  the  time  from  first 
light  emission  until  the  abrupt  increase  In  light  intensity  Is  very  long,  compared  to  that  at  high  heat 
’luxes.  This  Importan.  feature  Is  believed  to  be  caused  by  the  time  required  hy  the  pyrolyzed‘products 
to  attain  a  sufficient  temperature  to  induce  a  rapid  increase  In  light  Intensity.  The  smaller  the 
heating  rate,  the  longer  the  time  It  takes  to  raise  the  local  temperature  of  the  pyrolyzed  products  (by 
the  Incident  laser)  to  a  critical  value.  In  term  of  the  gas-phase  Ignition  process,  the  onset  of 
abrupt  Increase  In  light  Intensity  (designated  by  triangular  symbols)  c*n  ue  regarded  as  the  Ignition 
point. 
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Fig.  4  Characteristic  Photodiode  Traces  of  Boron/HTP8  (30/70)  at  High  and  Low  Heat  Fluxes 


In  order  to  understand  these  pyrolysis  and  ignition  processes,  the  schlieren  and  direct  motion 
pictures  were  taien.  Figure  5  shows  a  sequence  of  six  selected  pictures  for  the  ignition  of  boron/HTPB 
(30/70)  by  a  200  X/cnr-  heat  flux.  The  first  oicture,  composed  of  a  direct  image  on  the  left  and  a 
,  schlieren  image  on  the  right,  shows  the  evolution  of  pyrolyted  products  in  the  schlieren  image.  The 
'actual  sample  in  these  images  is  a  25  mm  cube.  The  sample  height  is  the  same  for  both  images;  however, 
the  direct  image  is  slightly  smaller  than  the  schlierc-  due  to  differences  in  the  camera 
magnifications.  The  second  picture  in  the  sequence  shows  the  first  light  emission  in  the  gas  phase  at 
62  ms.  This  light  intensity  grows  continuously  and  then  increeses  rapidly  at  1Z5  ms.  This  abrupt 
Increase  is  believed  to  be  caused  by  the  gas-phase  reaction.  During  the  pyrolysis  and  ignition  event, 
a  bright  luminous  rone  propagates  toward  the  sample  surface,  while  e  thermal  plume  with  a 
mushroom-shaped  core  region  end  spherical  outer  boundary  expands  and  rises  in  the  vertical  direction. 

Figure  6  shows  the  effect  of  heat  flux  on  delay  time,  defined  by  first  light  emission,  for  various 
boron  percentages.  Clearly,  as  the  baron  percentage  increases  from  0  to  20  percent,  the  delay  tine 
decreases.  However,  the  delay  tiai-i  increases  as  boron  loading  Increases  from  20  percent  to  30  and  50 
percent.  This  change  In  trend  with  increasing  boron  loading  can  be  explained  by  the  absorptivity  and 


Fig.  6  Effect  of  Incident  Heat  Flux  and  Boron  weight  Percentage  on  Light  Ewissicn  Delay  Time  of 
Boron/HTPB  Solid  Fuels 
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volumetric  specific  heat  m  the  plume.  The  rate  of  energy  absorption  Qjbsorptlon  f°r  a  two-phase 
mixture  containing  boron  particles  and  pyrolysis  gases  can  be  written  as  the  sum  of  two  terms:  one  for 
each  phase,  i.e.. 


Absorption  "  Absorption  *  Absorption 
total  boron  particles  pyrolysis  gases 


(1) 


For  a  control  volume  with  cross-sectional  area  A  normal  to  the  flow  with  average  velocity  V,  the  two 
terms  on  the  right-hand  side  of  Eq.  (1)  can  be  written  as 


Absorption  "  3  ,rB3  n  A  f  P8CB(TS  “  TiJ 
boron  particles 

Absorption  *  >  A  V  ps  Cp^  {Tg  -  Tj) 
pyrolysis  gases 

where  rg  Is  the  average  radius  of  boron  particles,  n  the  number  density  in  the  ccntrol  volume,  pg 
the  boron  particle  density,  Co  the  boron  specific  heat,  Tg  the  average  temperature  of  the  boron  In  the 
control  volume,  Tj  the  Initial  temperature  of  the  solid  fuel,  $  the  void  fraction,  pg  the  average  gas 
density,  Cpg  the  constant-pressure  specific  heat  of  the  gas  phase,  and  Tg  the  average  gas-phase 
temperature.  The  loaded  fraction  of  boron  particles  can  be  written  as 


(2) 

(3) 


1  -  *  -  |  s  rB3  n 

After  substituting  Eqs.  (2}-(4)  Into  {!},  we  have 


(4) 


^absorption  '  *  5  t(H)  >,  h  U,  -»,)*♦  P,  %  (T,  -  1,1]  W 

total 

The  average  temperature  of  boron  particles  Tg  could  be  different  from  Tg  during  the  Ignition  event.  To 
understand  the  role  of  effective  volumetric  specific  heat,  one  can  assume  that  they  are  roughly  equal. 
Under  such  an  assumption,  Eq.  (5)  becomes 

Absorption  -  A  V~  tTg  "  T1->  ^  p8  V  *  pg  Cps]  '  A  *  (Tg  "  {pH  ^effective  <6) 
total 

where  (ph  Cn)effect1ve  ,s  the  effective  volumetric  specific  heat  of  the  two-phase  mixture.  As  the 
boron  Is  added  in  small  percentages,  the  absorptivity  of  the  plume  Increases  linearly,  while  the 
volumetric  specific  heat  of  the  plume  changes  very  HtMe  (since  $  =  1.0).  The  Increase  In 
absorptivity  causes  the  teiaperature  In  the  pyrolysis  products  to  rise  faster  with  the  addition  of  boron. 
At  high  boron  loadings,  the  effective  volumetric  specific  heat  of  the  pyrolysis  product  mixture 
increases  linearly  as  the  percentage  of  boron  increases.  However,  the  radiation  absorptivity  of  the 
mixture  becomes  weaMy  dependent  on  the  boron  concentration  In  the  plume,  since  there  are  enough  boron 
particles  In  the  plume.  Thus,  the  temperature  rises  more  slowly  due  to  the  Increase  of  effective 
volumetric  specific  heat  with  nearly  constant  radiation  absorptivity  at  high  boron  loadings.  The 
competition  between  absorptivity  and  volumetric  specific  heat  directly  affects  the  rate  of  increase  of 
temperature  in  the  plume  which,  In  turn,  affects  the  delay  time  for  the  onset  of  light  emission. 


The  effect  of  Incident  heat  flux  and  types  of  additives  on  the  Ignition  delay 
fuels  Is  shown  In  Fig.  7.  The  delay  time  for  all  cases  decreases  monotanicaily  v 
increases.  Magnesium  and  magnesium/aluminum  powders  showed  a  noticeable  deerea 
addition  of  cerium  fluoride  to  the  solid  fuel  produced  the  most  significant  deer, 
especially  at  low  heat  fluxes. 


boron/HVPB  solid 
lent  heat  flux 
ay  time.  The 
delay  time, 


Figure  8  shows  two  photodiode  traces  for  BAMO/NHHG  solid  fuel  with  17.58  percent  boron  by  weight. 
The  characteristic  variations  of  photodiode  traces  are  similar  to  those  of  boron/HTPB  solid  fuels  even 
though  the  binders  are  quite  different.  However,  the  delay  times  for  borcn/[BAM0/KHK0]  fuels  are  much 
shorter  than  those  of  boron/HTPB  fuels.  Again,  at  low  heat  fluxes  there  Is  a  noticeable  delay  between 
the  first  light  emission  and  the  abrupt  Increase  In  light  Intensity;  this  is  caursd  by  the  time  needed 
by  the  pyrolyzed  products  to  absorb  enough  laser  energy  to  Ignite-. 


277 


Fig.  7  Effect  of  Incident  Heat  Flux  and  Types  of 
Additives  on  the  Delay  Time  for  First  Light 
Emission  of  Boron/HTPB  Solid  Fuels 


Fig.  8  Photodiode  Trices  for  Boron/[BAM0/NMH0] 
Solid  Fuel  at  High  and  Low  Incident 
Heat  Fluxes 


Figure  9  shows  a  sequence  of  six  selected  pictures  for  the  pyrolysis  and  ignition  event  of 
boron/[8AM0/HHM0]  solid  fuel  at  an  Incident  heat  flux  of  490  W/cm-.  The  pyrolyzed  product  velocities 
are  much  higher  than  those  for  the  boron/HTPB  fuels,  as  a  result  of  the  energetic  nature  of  the 
BAMQ/NMMO  copolymer.  The  velocity  was  measured  to  be  1000  cm/sec  compared  to  30  cm/sec  for  HTPB.  As  a 
result  of  the  high  velocity  plume  jet,  the  plume  is  highly  turbulent  for  the  boron/[BAM0/NFH0J  fuel. 

The  first  sign  of  visible  light  emission  is  seen  In  the  third  selected  picture  of  the  sequence  at  10  ms. 
The  light  intensity  grows  rapidly  and  continuously.  The  luminous  region  expands  abruptly  at  17.5  ms 
(see  picture  4).  Following  the  gas-phase  ignition,  the  reaction  zone  propagates  toward  the  surface 
(see  pictures  4  through  6).  After  the  reaction  zone  reaches  the  surface,  the  reactions  on  the  surface 
itself  become  apparent.  Chunks  of  solid  fuel  are  en. rained  in  the  plume  jet  resulting  In  bright 
reaction  zones  In  the  circumferential  region  of  picture  6. 

To  illustrate  the  difference  in  the  plums  structure  and  surface  reaction  process  Defare  and  after 
the  reaction  front  reaches  the  sample  surface,  two  sets  of  enlarged  photographs  are  selected  and 
presented  in  Figs.  10  and  11.  These  photographs  are  obtained  from  the  same  experiment  shown  in  C-ig.  9. 
Both  the  direct  and  schlieren  photographs  show  the  event  of  flame  propagation  toward  the  samplr  surface. 
Once  the  flame  reaches  the  surface  (see  Fig.  11),  the  condensed  phase  reaction  is  enhanced  immediately 
as  seen  by  the  flame  on  the  sample  surface  and  by  many  bright  spots  near  the  edge  of  the  luminous  plume 
in  the  direct  picture.  This  process  has  been  observed  for  boron/HTPB  solid  fuel  as  well;  however,  the 
apparent  intensity  of  the  reactions  on  the  surface  are  much  less.  The  reactions  causing  the  luminous 
flame  on  the  surface  are  believed  to  be  caused  by  the  energetic  nature  of  8AMO/W*<0  copolymer. 

Figure  12  shows  the  effect  of  incident  heat  flux  on  delay  time  for  first  light  emission  for 
boron/tBAMO/NWW]  solid  fuels  with  various  boron  weight  percentages.  Th<;  data  from  pure  8AW/H»fiO 
copolymer  fuel  is  also  plotted,  which  exhibited  random  delay  times  for  all  heat  fluxes.  This  random 
behavior  is  believed  to  be  caused  by  the  highly  turbulent  nature  of  the  pyrolyzed  gases  evolved;  the 
active  site  for  first  light  emission  varies  significantly  from  test  to  test.  The  location  of  the 
active  site  depends  upon  effective  absorption  of  the  infrared  energy  flux  from  the  laser  and  the 
convective  heat-transfer  conditions  in  the  turbulent  plume.  Since  the  convective  heat-transfer 
conditions  sre  strongly  effected  by  the  randomness  of  the  turbulence,  the  active  site  and  the  delay 
time  for  first  light  emission  arc  highly  random.  When  boron  particles  are  added  to  tne  solid  fuels, 
this  random  behavior  Is  eliminated.  The  delay  time  for  first  light  emission  decreases  as  incident  heat 
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Fig.  10  Direct  and  Schlieren  Photographs  of  the 
Plume  from  a  Pyrolyzing  8oron/[BAM0/NMM0] 
Solid  Fuel  at  37  ms  Just  Before  the  Flame 
Reaches  the  Sample  Surface 


Fig.  11  Direct  and  Schlieren  Photographs  of  the 

Plume  from  a  Burning  8oron/[BAM0/NfW0]  Sol'* 
Fuel  at  52  ms  Just  After  the  Flame  Reaches 
the  Sample  Surface 


Fig.  12  Effect  of  incident  Heat  Flux  on  Light  Emission  Delay  Time  for  BAM0/IWM0  Solid  Fuels  with 
Various  Boron  Weight  Percentages 


flux  increases.  As  the  boron  loading  percentage  increases  from  17.58  to  39,8,  the  delay  time  increases 
slightly  at  low  energy  fluxes  (below  300  W/cm2).  Similar  to  the  reasoning  for  the  boron/HTPB  fuels, 
this  increase  is  believed  to  be  caused  by  the  increase  of  the  effective  volumetric  specific  heat  due  to 
the  increase  of  boron  weight  percentage  while  the  absorptivity  changes  little  as  boron  loading 
increases  above  17.58  percent.  As  a  result,  the  effective  heating  rate  of  the  plume  Is  decreased  with 
the  increase  in  boron  loading  causing  the  delay  time  to  increase. 
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Crossflow  Ambient  Conditions 

All  the  above  results  were  obtained  under  quiescent  ambient  conditions.  It  was  noted  that  the 
attenuation  of  the  laser  energy  flux  b>  the  pyrolysis  products,  especially  the  boron  particles,  could 
strongly  influence  the  delay  times  for  onset  of  first  light  emission  and  ignition,  io  study  tills 
effect,  a  crossflow  setup  for  blowing  particles  away  from  the  top  portion  01  the  plume  was  utilized. 
The  horizontal  crossflow  nozzle  is  situated  at  a  vertical  distance  far  enough  from  the  sample  surface 
so  that  convective  cooling  of  the  sample  surface  is  negligible.  Under  the  condition  of  crossflow,  the 
mixing  of  oxygon  with  pyrolysis  products  of  solid  fuel  is  enhanced,  and  the  attenuation  of  the  laser 
energy  flux  is  minimized. 

Figure  13  shows  the  schlieren  and  direct  pictures  of  the  ignition  of  pure  HTP3  in  a  crossflow  at 
30  ms  under  a  laser  heat  flux  of  760  W/cm2.  The  horizontal  white  line  in  the  direct  image  represents 
the  surface  of  the  sample.  The  location  of  the  crossflow  is  shown  on  the  left  portion  of  the  picture. 
After  30  ms,  the  first  light  emission  was  observed  7  mm  from  the  surface  of  the  sample,  near  the  lower 
edge  of  the  crossflow  jet.  The  luminous  flame  grew  very  slowly,  extinguished,  reignlted  at  the  same 
location,  and  once  again  extinguished.  This  process  repeated  for  the  duration  of  the  laser  heating 
which  lasted  for  600  ms.  Ourfng  this  process,  an  abrupt  increase  in  light  Intensity  was  r.ot  observed 
because  the  pyrolyzsd  gases,  in  the  absence  of  boron,  did  not  absorb  enough  laser  energy  to  cause 
ignit’on. 


Fig.  13  Direct  and  Schlieren  Pictures  Showing  the  First  Detection  of  Light  Emission  in  the  Gas  Phase 
for  Pure  HTP8  at  30  ms  under  a  Heat  Flux  of  760  W/cra2. 


Figures  14  and  15  show  the  ignition  of  boron/HTPB  (10/90)  solid  fuel  in  tne  crossflow  with  a  280 
V/cm2  energy  flux.  Figure  14  shows  the  first  light  emission  at  35  ms.  At  152  ms,  an  abrupt  increase 
in  light  intensity  was  observer  in  a  region  above  the  sample  surface.  This  event  is  followed  by  an 
intense  luminous  flame  which  lasted  for  650  ms.  At  this  time,  the  laser  was  cutoff;  however,  the 
luminous  flame  remained  corning  for  an  addition  140  ms.  This  suggests  that  the  solid  fuel  sample  was 
able  to  store  enough  thermal  energy  to  continue  the  pyrolysis  of  gases  and  particles;  thus  the  supply 
of  fuel-rich  species  to  the  reaction  zone  was  maintained.  The  eventual  extinction  after  laser  cutoff 
suggests  that  the  rate  of  heat  release  from  the  surface  and  gas-phase  reactions  was  leas  than  the  rate 
of  heat  loss. 


The  delay  times  for  first  light  emission  and  an  abrupt  increase  <n  light  intensity  ‘or  both 
boron/HTPB  and  boron /[OAf^/h.MMO]  solid  fuels  were  obtained  in  crossflow  conditions  and  are  summarized 
in  Table  1.  The  heat  flux  was  Vept  constant  at  280  w/cm2  for  all  tests;  however,  the  crossflow 
velocity  had  to  be  increased  for  boron/[BAKO/Nf*lO]  solid  fuel  because  of  the  high  pytulysis  velocity  of 
rhe  material.  The  upstream  pressure  of  the  crossflow  nozzle  was  set  at  170  and  350  KPa  for  boron/HTPB 
and  boron/[BAH0/NWi0j  solid  fuels,  respectively,  tn  contrast  to  the  quiescent  ambient  results,  the 
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Fig.  14  First  Light  Emission  of  3oron/HTP6  (10/90)  Solid  Fuel  at  35  ms.  Incident  Laser  Heat  Flux  of  280 


DIRECT 


Fig.  15  Abrupt  Increase  in  Light  Emission  of  Boron/HTPB  (10/90)  After  152.0  ms  in  a  Crossflow  Laser 
Ignition  Experiment 


crossflow  results  show  that  the  delay  times  decreased  continuously  for  both  boron/HTPB  and 
boron(BAM0/NMM0]  solid  fuels  as  the  boron  weight  percentage  increased. 

This  trend  is  believed  to  be  caused  by  the  enhanced  mixing  of  air  with  the  pyrolysis  products  in 
the  plume.  The  enhanced  mixing  of  oxygen  with  the  pyrolyzed  products  (specifically  the  boron 
particles)  is  believed  to  cause  the  boron  particles  to  react  with  oxygen  and  to  release  energy  to  the 
gas-phase  species.  Thus,  the  high  boron  leadings  continue  to  decrease  the  delay  time  because  the 
absorptivity  and  volumetric  specific  heat  effects  are  counter-balanced  by  the  increased  boron  reactions. 
The  increased  boron  reactions  in  the  crossflow  tests  were  evidenced  by  the  appearance  of  glowing 
particles,  which  were  net  present  in  the  quiescent  tests,  before  the  abrupt  increase  in  light  intensity 
associated  with  the  gas-phase  ignition. 

After  laser  cutoff,  the  solid  fuel  samoles  wnich  contained  the  highest  boron  percentage  in'HTPB 
remained  burning  the  longest.  In  the  case  for  boron/[BAMO/NMMO]  solid  fuel,  the  samples  ourned 
completely  after  laser  cutoff  due  to  the  energetic  nature  of  3AM0/IIMK0  copolymer.  Whether  the 
energetic  nature  of  the  binder  actually  changed  the  mechanisms  of  boron  combustion,  further  studies  are 
needed.  In  such  studies,  one  has  to  determine  the  chemical  composition  and  physical  structure  of  the 
residues  recovered. 
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TABLE  I  DELAY  TIMES  FOR  HTPB  AND  BAHO/Nffffl  SGLIO  FUELS  UNDER  CROSSFLOW 
CONDITIONS  WITH  LASER  ENERGY  FLUX  OF  280  W/cm2 
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CONCLUSIONS 

Tests  performed  in  qwescent  conditions  for  boron/HTPB  solid  fuels  show  that  an  increase  in  boron 
weight  percentage  (up  to  L.QX)  causes  a  decrease  in  first  light  emission  delay  time.  Further  increase 
in  boron  percentage  causes  the  delay  time  to  increase.  This  change  in  trends  can  be  explained  by  the 
effects  of  volumetric  specific  heat  of  the  pyrolysis  products  and  absorptivity  of  the  two-phase  mixture 
on  the  rate  of  increase  of  the  mixture  temperature.  The  results  from  crossflow  tests  show  that  the 
delay  time  decreases  monotonically  with  increases  in  boron  loading  percentage  for  both  types  of  solid 
fue's.  With  crossflow,  the  effects  of  absorptivity  and  volumetric  specific  heat  are  counter-balanced 
by  the  enhancement  of  the  boron  reactions  with  oxygen  caused  by  the  enhanced  mixing  of  air  with  the 
plume  products.  For  both  quiescent  and  crossflow  conditions,  the  ignition  process  initiated  in  the 
region  above  the  sample  surface  and  then  propagated  toward  the  surface  to  enhance  the  condensed-phase 
reactions. 
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Combustion  Behavior  and  Thermophysical  Properties 
of  Metal-Based  Solid  Fuels 
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Two  metal-based  solid  fuels  ( magnesium-based  and  boron-based)  hare  been  studied  to  determine  their  combus¬ 
tion  behavior  and  thermophysica!  properties.  The  burning  rate  for  the  magnesium-oased  (Mg/PTFE/Vitan  A)  solid 
fuei  was  found  to  increase  monosonically  with  ambient  pressure  and  to  follow  the  Saint  Robert’s  law  in  both  air 
and  nitrogen  environments.  The  fuel,  howe’er,  burned  I0*/«  slower  in  air  than  in  nitragcn..The  slower  beaming  rate 
in  air  is  postulated  to  result  from  the  entrained  oxygen  which  competes  with  fluorine  to  react  with  magnesium. 
Because  of  the  lower  heat  of  formation  of  Mf  O  vs  M,F..  the  nearsurface  heat  release  is  reduced  when  the  oxygen 
is  present,  thus  reducing  the  burning  rale.  This  reasoning  u  also  supported  by  results  obtained  from  the  companion 
pressure  deflagration  limit  (PDL)  and  ignition  texts,  which  show  that  the  combustion  of  the  magnesium-based  fuel 
has  a  higher  PDL  and  a  longer  ignirion  delay  time  in  air  than  in  nitrogen.  Resuits  from  the  study  of  ignition  and 
combustion  characteristics  of  boron-based  solid  fuels  show  that  boron  can  significantly  reduce  the  ignition  delay 
times  of  poly(BAMO/NMMO).  In  determining  the  thermophysical  properties  of  fuel  samples,  a  subsurface 
temperature-measurement  method  was  developed  to  quantify  the  temperature  dependence  of  the  thermal  diffusivities 
of  fuei  samples.  Results  show  good  agreement  with  those  obtained  with  the  laser-flash  method. 


Nomenclature 

PDL  =  pressure  deflagration  limit.  kPa 

rh  =  burning  rate.  mm,s 

p  =  pressure,  kPa 

K  =  thermal  conductivity,  W/K-cm 

pn  =  density,  g/cni3 

Cr  -  specific  heat,  J/g-K 

<?«ur.  =  net  heat  release  from  subsurface.  W,g 

2  =  thermal  diflfusriity  enr/s 

L  -  sample  thickness,  cm 

i'  =  characteristic  rise  time,  s 

e  -  laser  pulse  time,  s 

l  =  time,  s 

r,;;  =  time  to  reach  one-half  of  maximum  value,  s 


Introduction 

N  the  surer,  for  new  and  improved  propulsion  technology, 
the  soiid-fucied  ramjet  engine  has  become  an  attractive 
candidate  because  of  its  simplicity  and  higli  performance. 
Among  tne  various  solid  fuels  that  are  under  considciation 
for  ramjet  use,  the  boron-bused  and  magnesium-based  fuels 
are  the  most  promising  because  of  the  high  volumetric  heating 
value  of  boron  and  the  high  combustion  efficiency  of  magne¬ 
sium.  However,  the  poor  ignition  behavior  of  boron  particles 
usually  leads  to  lower  combustion  efficiency,  making  them 
impractical  for  use  in  an  actual  system.  On  the  other  hand. 
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magnesium  particles  possess  superior  ignition  behavior  but 
offer  considerably  lower  heat  of  reaction.  Thus,  methods  of 
enhancing  the  combustion  efficiency  of  boron  and  retaining 
the  ignition  characteristics  of  magnesium  arc  essential  in  order 
to  render  these  fuels  feasible  for  propulsion  applications. 

Two  types  of  solid  fuels  were  considered.  The  first  con¬ 
tained  magnesium  with  polytetrafluoroethylenc  (PTFEi  and 
vinylidene  fluoride  w,  perfluoropropylene  (Viton  A).  The  . 
ond  contained  beron  with  a  highly  energetic  binder.  3.3-i':s 
(azidomethyi)  oxetane/3-nirraton.ethyl  3-methyloxetane  [poly- 
(BAMO/NMMO)].  To  date,  effous  to  examine  the  funda¬ 
mental  ignition  and  combustion  behavior  of  these  fuels  nave 
been  few.  Peretz1  studied  various  thcrmochemical  properties 
of  several  metal, 'fluorocarbon  fuels  for  ramjet  applications. 
Results  indicate  that  not  only  is  magnesium  a  desirable  metal 
adoptive  for  fluorocarbon  solid  fuels,  but  boron,  can  also  be 
burned  effectively  with  fluorocarbons.  Kubota  and  Scnzawa- 
performed  detailed  experimental  work  on  the  combustio..  of 
magnesium-based  solid  fuels  containing  magnesium.  PTFr.. 
and  a  small  amount  of  Viton  A.  They  observed  tha: 
burning  rate  of  this  type  of  solid  fuel  increases  with  increased 
magnesium  content  but  decreases  w.th  increased  particle  size 
The  sigpifictir.ee  of  the  exothermic  reactions  immediately 
above  the  burning  surface  on  the  combusfion  process  was  also 
addressed. 

Manser  ct  ai.J  recently  developed  a  number  of  highly 
energetic  binders.  In  view  of  the  large  positive  vaiue  of  the 
heat  of  formation  associated  with  poly(  BAMO/NMMO). 
they  claimed  that  a  theoretical  mcreasc  of  the  specific  impulse 
by  5  s  is  possible  when  tins  polymer  is  used  as  a  binder  in  3 
~  •mmum-smokc  propellant  system.  The  iota!  energy  rcie  -J 
r  ti  the  fuel  was  found  to  increase  significantly  with 
addition  of  percentages  of  boron  to  poiyf  B/xMQ,NM Me. 

The  major  purpose  of  this  p3per  is  to  study  the  fundamen¬ 
tal  ignition  and  combustion  chaiacterist.cs  of  Mg/PTFfc 
Viton  A  and  borom poiyf  BAMO'NMMO)  solid  fuels  and  to 
develop  a  convenient  method  for  meaxunng  the  thcnnophys=' 
c ;!  properties  of  these  two  types  of  solid  fuels.  The  specific 
objectives  arc 

1)  to  determine  the  burning  rates  of  both  fuels  as  functions 
of  pressure  and  ambient  gas: 

2)  to  chara.-tcnzc  the  -gnition  and  combustion  behavior  by 
performing  C0;  laser  ignition  combustion  tests,  x-ray  cifl'-1-’ 
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tion  analysis,  low-pressure  deflagration  limit  (PDL)  tests,  and 
microscopic  examinations;  and 

3)  to  deduce  the  thermophysical  properties  from  the  mea¬ 
sured  subsurface  temperature  profiles  (STPj. 

Experimental  Approach 

A  windowed  strand  burner  and  a  CO-  laser  facility  were 
used  to  study  the  ignition  and  combustion  behavior  of  these 
two  types  of  solid  fuels  and  to  characterize  their  thermophys¬ 
ical  properties  under  well-controlled  conditions.  A  brief  de¬ 
scription  of  the  test  facilities  is  given  below,  followed  by  a 
discussion  of  results  obtained  for  each  of  the  metal-based 
solid  fuels. 

Strand  Burner 

Figure  1  shows  a  schematic  diagram  of  the  windowed 
strand  burner.  A  fuel  sample  (5  mm  in  diameter  and  77  mm  in 
length)  was  mounted  vertically  in  the  chamber.  Ignition  of  the 
sample  was  achieved  by  passing  an  electrical  current  into  a 
nichmme  wire  which  pierced  through  the  test  sample  about 
3  mm  from  the  top  surface.  A  scale  was  optically  superim¬ 
posed  on  the  image  of  the  solid-fuel  sample,  using  a 
75  x  75  mm  semitransparent  mirror.  To  visualize  the  burning 
process,  a  video-recording  system  was  employed  to  pho¬ 
tograph  the  motion  of  the  burning  surface  inside  the  strand 
burner  and  the  optically  superimposed  scale.  With  this  tech¬ 
nique,  the  burning  rate  could  be  determined  precisely  from 
the  length  of  the  sample  burned  in  a  certain  time  duration.  In 
addition  to  the  visualization  study,  an  imbedded  fine-wire 
thermocouple  (platmum/platinum-13%  rhodium)  with  a 
diameter  of  50  pm  was  used  to  measjre  the  temperature 
profiles  in  both  the  subsurface  and  surface  legions.  A  more 
detailed  discussion  of  the  overall  strand  burner  system  is 
given  m  Ref.  4. 

The  strand  burner  was  used  to  study  both  the  steady-state 
burning  behavior  and  the  PDL.  During  each  steady  firing,  the 
chamber  pressr-J  was  maintained  at  a  prescribed  level  by 
means  of  a  computer-controlled  gas  supply  system.  For  the 
PDL  tests,  the  chamber  was  depressurized  at  a  rate  of 


1.1  kPa/s.  The  extinguishment  point  could  then  be  identified 
from  the  measured  pressure-time  trace.  After  each  test  firing, 
the  solid  residues  were  collected  for  microscopic  examination 
and  x-ray  diffraction  analysis. 

COj  Laser  Ignition/Combustion  Facility 

*  high-powered  CO-  laser  (Coherent  Super  48)  capable  of 
generating  800  W  in  continuous  wave  mode  was  used  for  the 
ignition  and  combustion  studies.  Figure  2  shows  a  schematic 
diagram  of  the  facility,  in  order  to  generate  a  relatively 
uniform  beam,  a  thin  piece  of  sheet  metal  with  a  7  mm-diam 
hole  was  used  to  allow  only  the  most  uniform  portion  cf  the 
laser  beam  to  reach  the  sample  surface.  The  resulting  spatial 
variation  of  the  beam  intensity  was  ±  10%. 5  A  test  chamber 
(25  x  25  x  25  cm)  was  fabricated  using  2.54-cro-thick  plexi¬ 
glass  and  a  1.25-cm-thick  stainless  steel  top  cover.  The  trans¬ 
parent  nature  of  this  chamber  facilitated  visual  access  to  the 
ignition  and  combustion  processes  from  all  directions.  Two 
high-quality  glass  windows  were  mounted  on  opposing  sides 
of  the  chamber  to  allow  for  schheren  photography.  A  KC1 
window  was  installed  in  the  top  of  the  chamber  to  allow  the 
laser  to  pass  into  the  chamber  when  pressures  other  than 
atmospheric  were  needed. 

A  high-speed  video  system  (Spin-Physics  2000)  was  used  to 
record  the  dynamic  behavior  of  the  flame  at  a  framing  rate  of 
2000  pictures/s.  The  system  accommodates  two  cameras  capa¬ 
ble  of  recording  schlieren  images  and  direct  photographs 
simultaneously.  The  schlieren  image  can  detect  clearly  the 
initiation  of  fuel  gasification  and  its  subsequent  processes, 
whereas  the  direct  photograph  provides  information  about 
luminous  flame  development  and  burning  characteristics. 

In  addition  to  its  role  in  the  ignition  and  combustion  study, 
the  CO-  laser  system  was  also  used  to  conduct  laser-flash  tests 
for  measuring  the  thermal  diffusivitics  of  the  fuel  samples.  A 
75-fim  K-type  (chromei/alumcl)  thermocouple  was  bonded  to 
the  bottom  of  the  fuel  sample  having  a  specified  thickness.  As 
the  laser  flash  irradiated  the  sample  surface,  the  temperature 
detected  by  the  bonded  thermocouple  was  recorded  by  a 
N'icolet  oscilloscope  and  could  then  be  used  to  calculate  the 
thermal  diffusivity  of  the  fuel. 
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Fig,  1  Schematic  of  experimental  apparatus  used  in  strand-burner  lest;. 
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Fig.  2  Schematic  of  experimental  apparatus  used  in  CO}  laser  tests. 
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Fig.  2  Mg/PTFE/Viton  A  combustion  in  CO:  laser  test. 


Combustion  Characteristics  of  Magnesium-Based 
and  Boron-Based  Solid  Fuels 

Magnesium-Based  Solid  Fuel 

The  magnesium-based  solid  fuels  used  in  this  study  con¬ 
sisted  of  50%  fluorocarbons  (PTFE  and  Viton  A)  and  50% 
magnesium  powders  with  a  mean  diameter  of  20  pm.  Initial 
tests  were  performed  in  the  CQ:  laser  facility,  and  subsequent 
experiments  in  the  strand  burner.  In  both  cases,  not  only  did 
the  luminous  flame  initiate  at  the  surface,  but  it  remained 
attached  to  the  surface  for  the  duration  of  the  combustion 
period.  Figure  3  shows  a  typical  flame  structure  of  the  fuel 
following  ignition.  The  ejection  of  magnesium  particles  from 
the  burning  surface  can  t*  observed  as  indicated  by  the  arrow 
in  the  direct  image.  This  phenomenon  was  also  noted  in  the 
strand-burning  tests  using  both  air  and  nitrogen.  However, 
the  height  of  the  luminous  flame  was  much  greater  for  com¬ 
bustion  tests  performed  in  air  than  for  those  performed  in 
nitrogen.  The  ignition  delay  time  for  the  magnesium-based 
fuel  was  also  determined  for  various  oxygen  percentages.  It 
increased  from  43  ms  to  52  ms  as  the  ox. gen  concentration 
increased  from  i.0%  to  21.0%,  respectively  These  tests  wetc 


20  <0  U  K  no  200  100  400300  ~vc 


MEJJUSt.  2.  Ol 

Fig.  4  Burning  rate  as  a  function  of  pressure  for  Mg/PTFE/Viton  A 
in  nitrogen  and  air. 

performed  at  100  kPa,  with  an  incident  heat  flux  of  400  W / 
cm;  from  the  laser. 

Figure  4  illustrates  the  dependence  of  the  burning  rate  on 
the  chamber  pressure  in  two  different  gaseous  environments. 
The  burning  rate  was  found  to  increase  mor.otcnically  as  the 
pressure  increased,  and  to  follow  the  Saint-Robert's  law 
closely.  It  is  interesting  tc  note  that  despite  the  fuel-nch 
nature  of  the  sample,  the  burning  rate  measured  in  nitrogen 
was  consistently  higher  than  that  in  air  by  approximately 
10%.  This  observation  is  substantiated  by  the  PDL  results 
which  show  that  the  lowest  pressures  for  sustaining  stable 
combustion  are  9  8  and  28  1  kPa  for  nitrogen  and  air.  respec¬ 
tively.  The  fuel  has  a  tendency  to  extinguish  faster  in  air  lh3n 
in  nitrogen.  These  results  suggest  that  the  burning  characteris¬ 
tics  of  this  type  of  solid  fuel  depend  upon  the  composition  of 
the  ambient  gas. 

Figure  5  shows  two  temperature  profiles  obtained  from 
50-jirr.  thermocouples  imbedded  in  the  solid  fuel  The  tests 
were  performed  at  Jtmosphcnc  conditions  in  both  air  and 
nurogen.  Both  curves  indicate  a  surface  temperature  (charac¬ 
terized  by  the  inflection  point  in  the  temperature  profile)  in 
the  neighborhood  of  85CPC.  but  with  different  spatial  distribu¬ 
tions  depending  on  .he  gas  environment  The  temperature 
profile  in  the  vicinity  of  the  surface  is  steeper  when  the  fuel 
was  burned  in  nitrogen,  suggesting  a  higher  heat-transfer  rate 
at  the  surface. 
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Based  upon  the  above  observations,  it  :s  believed  that  the 
oxygen  in  the  air  has  an  adverse  effect  on  the  regression  rate, 
ignition,  and  extinction  characteristics  of  the  solid  fuel  con¬ 
torting  magnesium  and  fluorocarbons.  A  proposed  ratiorale 
so  explain  this  phenomenon  follows. 

First,  the  surface  regression  is  a  local  phenomena.  The 
regression  rate  is  determined  mainly  by  the  highly  exothermic 
gas-phase  and  heterogeneous  reactions  occu-nng  immediately 
above  and  on  the  surface,  and  the  thermal  properties  of  the 
solid  fuel  which  control  the  thermal  wave  propagation.  The 
pi  dresses  away  from  the  surface  play  a  less  significant  role 
due  to  their  weak  effect  on  the  local  heat  transfer  to  the 
surface  region. 

Second,  the  magnesium  based  solid  fuel  contained  50% 
magnesium,  which  is  1"’%  greater  than  (he  stoichiometric 
ratio  Because  of  this  most  of  the  magnesium  powder  did  not 
burn  completely  in  the  near  surface  region.  Instead,  the  pon¬ 
der  was  ejected  from  the  surface  as  a  result  of  the  expansion 
processes  of  gaseous  products  generated  by  the  pyrolysis  and 
the  solid-phase  reaction  of  the  fluorocarbons  surrounding 
them. 

Third,  the  gaseous  products  originating  from  the  surface 
act  as  a  freejet  and  entrain  the  ambient  gas  into  the  shear 
layer  surrounding  the  sample  boundary  Thus,  during  tests  in 
air.  oxygen  can  be  entrained  easily  causing  competitive  oxi¬ 
dation  3nd  fluorination  reactions  with  magnesium  Because 
the  heat  of  oxidation  for  magnesium  is  approximately  one- 
half  of  the  heat  of  fluorination  for  magnesium,  the  tou.1  heat 
generated  in  the  near-surface  region  is  reduced  when  oxygen 
is  present  This  reduced  heat  release  reduces  the  heat-transfer 
rate  to  the  condensed  phase  and  consequently  decreases  the 
regression  rate. 

This  argument  is  substantiated  by  the  subsurface  tempera¬ 
ture  profiles  measured  in  air  and  nitrogen  environments  (see 


Fig.  5).  Results  based  upon  the  x-ray  diffraction  analysis  ot 
the  combustion  residues  indicate  that  the  major  solid  prod¬ 
ucts  for  the  case  involving  ait  were  MgO.  MgF;.  and  carbon. 
However,  for  the  pure  n.trogen  case,  the  major  products  were 
MgF;.  Mg.  and  carbon.  Thus,  the  react. on  of  magnesium 
particles  with  oxygen  in  the  gas  phase  is  significant.  Farther 
investigation  is  needed  to  quantify  the  extern  to  which  the 
oxidation  reaction  takes  place  in  the  near-surface  region. 

Based  upon  the  above  observations  and  the  measured 
subsurface  temperature  profiles,  the  important  physicochemi¬ 
cal  processes  involved  in  the  combustion  of  magnesium/ 
fluorocarbon  fuel  in  the  presence  of  air  can  be  chat  acidized 
qualitatively.  Figure  6  summarizes  the  entire  process  by  iden¬ 
tifying  five  distinct  regions  m  both  the  gas  and  condensed 
phases.  A  thermocouple  trace  obtained  from  a  test  in  an  at 
100  kPu  is  also  included  to  show  the  approximate  thermal 
wave  profile.  These  five  zones  can  be  summarized  as  toilows. 

In  zone  1.  the  temperature  is  bciotv  the  exothermic  decom¬ 
position  temperature  of  Viton  A  (.316  C)  and  only  inert 
hea.ing  takes  place.  Zone  2  covers  a  temperature  range  from 
3!6-530"C.  corresponding  to  the  decomposition  temperatures 
of  Viton  A  and  PTFE,  -especttveiy.  The  thickness  is  about 
!?t)/.m  a:  1  atm.  Exosnermic  decomposition  of  Viton  A 
mutate.,  in  this  zone  am-  teaches  its  maximum  rate  at  471  C.6 
The  major  products  from  the  pyrolysis  of  Viton  A  include 
HF.  C;F;  C;F4.  CHF-.  and  other  fluorocarbons  and  hvdro- 
ftuorocarbons.9  Chemical  reactions  between  magnesium  pow¬ 
ders  and  the  pyroiysis  products  of  Viton  A  may  also  occur. 
Onset  of  the  melting  process  of  PTFE  (330  Cl  occurs  approx¬ 
imately  200  ,um  beneath  the  burning  surface.  However,  as  a 
result  of  the  highly  viscous  nature  of  ihe  molten  PTFE.  only 
restricted  motions  of  magnesium  particles  are  possible  in  this 
region. 

Zone  3  is  characterized  by  a  rapid  temperature  increase 


Fig.  5  Temperature  profMes  of  Mg/PTFE/Viton 
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Fig  6  Schematic  showing  temperature  profile  of  subsurface  region  in  a  Mg/PTFE/Viion  A  sample. 
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Fig.  9  Ignitfc.i  «qutp.ce  of  pore  p.oly(BAMO/N.MMO)  in  air  wits  a 
heat  flux  of  193  W/cm!  using  C02  laser.  Time  from  initial  User  heating 
is  -1.5.  5.5.  6.5.  88.0.  I2S.0,  arai.165.5ms. 


Fig.  7  Burning  tat e  as  a  function  of  pressure  for  polyfBAMO/ 
NMMO)  with  17.6%  boron. 


'•VC,  1.  I 

Fig.  &  Subsurface  temperature  profile  of  boton/poiyfBAMO/' 
NMMO)  in  air  at  343  kPa. 


within  a  thin  layer  of  approximately  50  /cm.  The  temperature 
ranges  from  530"C  to  the  surface  temperature  of  850°C.  At 
53G‘C.  PTFE  begins  to  decompose  exothermically  to  liberate 
CF4,  CP*.  C;F4.  CjFs,  CjFj,  other  fluorocarbons,  and 
possibly  fluorine  itself.6  As  the  temperature  further  increases 
to  6505C,  magnesium  powders  begin  to  melt.  Reactions  that 
may  take  place  in  this  region  are  believed  to  be  those  of  fluo¬ 
rine  and  Huorinated  compounds  with  either  liquid  or  gaseous 
magnesium  (because  the  vapor  pressure  of  magnesium  at 
850eC  is  about  50  mm  Hg).  These  highly  exothermic  reactions 
tnav  further  enhance  the  gasification  of  PTFE,  causing  an 
imbalance  of  local  forces.  This  process  results  m  violent  expul¬ 
sion  of  magnesium  oarticles  from  the  surface. 

Zone  4  is  characterized  by  the  high-temperature  gradient  in 
the  vicinity  of  the  burning  surface.  It  is  depicted  by  a  bright 
flame  associated  with  the  exothermic  gas-phase  and  heteroge¬ 
neous  reactions.  As  stated  above,  for  combustion  m  air. 
oxygen  may  be  entrained  by  the  jet  and  react  with  molten 
magnesium  powders  near  the  outer  region  of  the  surface. 

Zone  5  is  ranter  far  from  the  surface.  For  combustion  in 
air.  the  major  chemicr  i  process  includes  the  reaction  of  mag¬ 
nesium  vapor  and  05.  As  a  result  of  its  distance  from  the 
surface  and  us  low  flame  tempeiamre  {  -  I600:C),'  the  effects 
of  this  region  on  surface-regrcsi.on  processes  are  insignificant. 

Boron/Poly(  8AMO/N.MMO)  Solid  Fuel 

In  this  work,  the  boron-based  solid  fuel  sample  contained  a 
highly  energetic  copolymer.  BAMO'NMMO  and  17.6% 
boron  powder  with  a  mean  diameter  of  0.5  From  the 
recorded  video  images,  it  was  observed  that  the  flame  struc¬ 
ture  oi  ihe  sample  was  effected  by  the  testing  pressure.  At 
aiincsphs-c  conditions,  only  a  faint  gaseous  flame  appeared 


above  the  surface.  As  the  ambient  p  'ess u re  was  increased  to 
1034  kPa,  a  much  brighter  flame  was  observed,  with  many 
burning  boron  particles  ejected  from  the  surface. 

Figure  7  shows  the  strand-burning  rate  >n  air  as  a  function 
of  pressure,  it  followed  the  Saint-Robert's  law  with  the  burn¬ 
ing  rate  given  by  rt  0  io6  p0*17.  Figure  8  presents  a  mea¬ 
sured  temperature  profile  obtained,  using  a  50  jim  R-type 
thermocouple  embedded  in  a  boron  ■  colv(  B  AMO/  N'M MO) 
sample,  with  an  ambien'  pressure  of  343  kPa.  The  burning- 
surface  temperature,  indicated  by  a  sudder.  temperature  jump 
at  tr.:  burning  surface,  was  about  250;C,  which  was  relatively 
low  when  compared  to  magnesium-based  solid  fuels.  The 
ourn  ne-surface  temperature  increased  monoiomcai'y  with 
testing  pressure,  ranging  from  220:C  at  100  kPa  to  M0;C  at 
1030  kPa.  The  temperature-time  trace  presented  in  Fig.  8 
shows  several  ripples  between  100;C  and  2 50'C:  these  are 
bcheved  to  be  caused  by  the  subsurface  reaction  of  the 
binder/"10  in  this  particular  test,  the  maximum  measured 
gas-phase  temperature  was  about  !4G0!C.  However,  in  some 
tests,  the  measured  temperature-time  traces  showed  maximum 
temperatures  higher  than  17i5;C. 

To  further  enh2r.ee  understanding  of  the  ignition  and  com¬ 
bustion  behavior,  the  boron-based  fuel  samoles  were  also 
tested  in  the  CC;  laser  facility.  Figure  9  shows  an  ignition 
sequenc-  of  the  pure  polyfBAMO 'NMMO)  under  CO;  laser 
beating  The  left  image  is  a  direct  picture,  and  the  right  image 
is  a  schlieren  picture  The  magnification  of  ihe  direct  image  is 
twice  that  of  the  schlieren.  and  the  sample  is  a  5  mm  cube. 

Pyre  ysis  of  the  solid  fuel  was  first  noted  after  4.0  ms  m  the 
icbhercn  picture  The  gases  formed  a  jet  with  a  m.r'.n  velocity 
of  about  10  m  s  Within  a  distance  of  S  mm  from  the  surface, 
the  iet  appeared  to  be  laminar  in  nature  and  became  turbulent 
farther  away  from  the  surface.  The  gases  gradually  absorbed 
the  incident  laser  energy  and  finally  ignited  after  128  ms  This 
ignition  process  is  evident  in  the  direct  picture  and  is  an 
indication  of  a  gas-phase  ignition  process  immediately  fol¬ 
lowing  ign".ion.  she  flame  propagated  down  toward  the  sui- 
face  to  further  enhance  the  condensed  phase  reactions.  The 
copolymer  extinguished  following  iascr  ctuoff  at  200  ms. 

Figure  10  shows  the  ignition  process  of  pciy(Br.MO 
NMMO)  containing  17  6%  boron.  Gasification  was  noted  at 
4.5  ms  after  onset  of  the  CG;  laser  beam.  The  pyrotyzed 
gaseous  je:  was  less  turbulent  than  that  evolved  from  the  pure 
poiytBAMQ  NMMO'  sample  Changes  ir.  the  jet  characteris¬ 
tics  are  be h.evcc  ;c  be  dependent  upon  the  borc-n  content  in 
the  sample  which  acts  to  dampen  the  turbulent  mixing  pro¬ 
cess  :i  Because  the  boron  is  initially  ejected  before  burning, 
the  solid  boron  particles  in  the  gas  phase  absorb  the  incident 
laser  energy,  thus  raising  the  temperature  in  the  gas  pirnsc  to 
inmate  chemical  reaction  and  lead  to  ignition.  The  increase  of 
absorption  due  lo  the  presence  of  boron  in  the  gas  phase  ha 
been  verified  tn  iascr-attcnuatiori  tests  with  various  gases  ar 
sohd-fiie!  samples  As  a  result,  the  boron  addition  dccrcis-. 
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the  ignition  delay  time  to  iO  ms.  compared  to  128  ms  for  the 
pure  po!y( BAMO/NMMO). 

Picture  6  in  Ftg.  10  shows  many  boron  particles  burning 
in  the  gas  phase  following  ignition.  After  laser  cutoff,  the 
sample  extinguished  momentarily  and  then  reignited.  The 
reignition,  which  was  observed  for  the  boron-containing  fuels 
but  not  for  the  pure  copolymer,  is  believed  to  be  the  result  of 
an  increase  in  thermal  diffusiviH  caused  by  the  boron  addi¬ 
tion.  which  allows  the  thermal  wave  to  penctiate  further  into 
the  solid  fuel. 

Figure  11  shows  the  ignition  delay  times  for  purr  poly 
f  BAMO/NMMO)  and  samples  containing.  17.6  and  30% 
boron  as  a  function  of  heat  dux.  The  pure  polvfRAMO/ 
S' MM  C)  fuel  exhibited  random  ignition  characteristics  for  ali 
heat  fluxes.  When  boron  was  added,  the  delay  time  became 
shorter  and  reproducible.  The  behavior  of  boron-polyt  BA. MO/ 
NMMO)  is  distinctly  different  from  that  of  pure  poly(BAMO 
NMMO)  due  to  the  effects  of  boron  particles  on  the  fluid 
dynamics  and  radiative  absorption,  in  the  pure  poivfBAMO, 
NMMO)  case,  the  high  turbulence  level  in  the  gas  phase  caused 
the  pvroiyzed  gases  to  be  heated  more  uniformly;  thus,  no  locai 
h-gh-temperature  region  could  be  established  easily  m  the  gas 
phase. 

On  the  other  hand,  when  boron  ts  added,  the  gas  phase 
becomes  less  turbulent  due  to  the  damping  effect  of  submicron 
boron  particles  present  m  the  pyroivzed  gases,  Hus  introduces 
a  smaller  heat-transfer  rate  within  the  pvroiyzed  gases  and 
causes  a  'oca!  high-temperature  region  to  be  established  more 
readily.  In  addition,  the  radiative  absorption  by  the  pyrolyzed 
gases  mixed  with  boron  particles  is  significantly  increased.  The 
ignition  delay  time  of  boron/polyf  BAMO/NMMO)  is.  there¬ 
fore.  much  shorter  than  that  of  pure  poly( BAMO/NMMO). 

Thermophysical  Property  Characterization 

Bath  subsurface  temperature  profile  (STF)  and  laser- flash 
methods  were  used  to  evaluate  the  thermal  diffusivities  and 
conductivities  of  the  fuel  samples.  Other  properties,  such  as 
densities  and  specific  heats,  were  obtained  from  the  open 
iitcrature.  A  brief  description  of  these  two  measurement  tech¬ 
niques  is  given  below,  followed  by  a  discussion  of  results. 

Subsurface  Temperature  Profile  ‘3TP>  Method 

In  order  to  obtain  a  temperatute  profile  of  the  subsurface 
region  during  combustion,  ar.  R-type  fine-vore  thermocouple 
with  s  diameter  of  50  pm  was  embedded  in  a  vertically 
mounted  solid  fuel  sample.  The  sample  was  'hen  ignited  using 
a  nichrome  wire  and  burned  down  into  the  imbedded  thermo¬ 
couple.  In  this  manner,  both  the  subsurface  and  gas-phase 
temperature  profiles  were  obtained.  The  subsurface  tempera¬ 
ture  profile  could  be  used  to  deduce  the  thermal  dsfTusivuy 
and  conductivity  as  functions  of  temperature 

The  ST?  method  is  based  upon  a  one-dimcnsior.a!  hcat- 
conducf'on  equation.  In  order  to  simplify  the  analysts,  a 
moving  coordinate  system  was  used  with  its  origin  located  ai 


Fig.  10  lir.stin?;  of  pa:j(  BA.MO/N’MMOj  wish  ITAV*  boros 

in  ti-  with  x  heat  8tsx  of  <59  H’/etn1  using  CO-  !wrr.  Tirst  from  ijiicul 
isk»  hwfiog  is  '.ft.  6.0,  10.0.  «7.5.  42.0.  ini  543.5  m>. 
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the  instantaneous  burning  surface.  Using  this  coordinate  sys¬ 
tem.  the  heat-conduction  equation  becomes’"1* 


dbr 


d  (p^CJ) 
dx 


T  P,-<7,u*  =  0 


CO 


where  qnh  is  the  net  hea'  release  in  the  subsurface  region  of 
the  fuel  sample  This  term  vanishes  if  there  is  no  chemical 
reaction  within  this  region  <  i.e..  the  inert  heating  region). 
Integration  of  Eq.  (1)  gives 
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The  density  and  specific  heat  are  evaluated  using  a  mass-aver- 
ai'.ci  value  of  the  ingredients  in  the  >ohd  fuel  sample.  Rear¬ 
ranging  Eq.  12)  and  assuming  that  the  heat  flux  is  zero  at 
.v  =  —  x.  the  thermal  conductivity  as  a  function  of  tempera¬ 
ture  becomes 


rn-.i  M-ri 

KIT)  -  prrhCpdr:-~\  (3) 

J?<-  a  d.vj, 

where  the  local  temperature  gradient  dTVd.t  can  be  calculated 
from  the  measured  si.ibsurls.ee  temperature  profile.  By  defini¬ 
tion.  the  thennal  diffusivity  can  be  deduced  from  the  relation 

x(T)  KdprC„)  (4) 

Because  the  STP  method  was  used  to  deduce  the  thermal 
conductivity  and  diffusivity  of  the  testing  sample  in  the  inert 
region,  the  thermocouple  bead  did  not  experience  rapid  tem¬ 
perature  variations  and  thus  was  able  io  measure  the  temper¬ 
ature  profile  very  accurately.  The  characteristic  time  of  the 
thermocouple  used  in  this  study  was  about  I0tns.u  which  is 
much  smaller  than  heat-conduction  time  within  the  inert 
region.  Measurement  errors  caused  by  velocity  and  radiation 
effects'*  arc  not  present  since  the  thermocouple  is  embedded 
in  a  solid,  opaque  fuel  sample.  Because  of  the  small  diameter 
of  ihc  thermocouple  wire,  heat  loss?  ,  caused  by  conduction 
from  the  thermocouple  bead  are  also  negligible. ’*  The  largest 
error  introduced  into  the  STP  method  (  ±  10’C)  comes  from 
the  data  acquisition  and  reduction  procedures. 

Laser-Flash  Method 

The  l3ser-flash  method’6  was  also  used  to  determine  the 
thermal  diffusely  of  the  solid  fuel  samples,  in  this  method,  a 
short  laser  pulse  was  given  to  the  top  surface  of  the  sample.  A 
thermocouple  was  mounted  to  the  bottom  surface  of  !hc 
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Rg.  14  Thermal  diffusivity  of  PTFE  between  -140  and  12S*CP 


Rg.  13  Thermophysicsl  properties  of  Mg/FTFE/Viton  A  as  functions 
of  temperature  from  STP  method. 


sample  to  monitor  the  temperature  rise  as  the  energy  from  the 
lop  surface  was  conducted  through  the  sample  (thickness  of 
1  mm).  Figure  12  shows  a  typical  temperature-time  trace  from 
the  thermocouple  on  the  bottom  surface.  The  temperature 
nses  slowly  and  reaches  a  maximum  value  (TL,  max)  after 
800  ms. 

If  we  assume  that  the  solid  fuel  sample  has  a  uniform  initial 
temperature  distribution  and  that  the  energy  from  the  laser 
pulse  is  instantaneously  and  uniformly  absorbed  in  a  thin 
layer  op.  the  top  surface,  then  the  temperature  rise  on  the 
bottem  face  can  be  expressed  as1"' 


T(L.i)  =  TLmx.  1-*--  y^(-l)"expf -~rsfj 


(S) 


When  T(L,t)ITt_la,x  ~  1/2.  the  dimensionless  quantity 
must  have  a  value  of  1.37.  Consequently,  the  thermal  diffustv- 
itv  becomes 
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where  r,*  is  the  time  required  for  the  bo'tom  face  to  attain 
one-half  of  its  maximum  temperature.  Equation  (6)  is  accu¬ 
rate  within  1%  as  long  as  the  iaser-pulse  length  is  short 
enough  to  avoid  any  chemical  reactions  and  ihe  characteristic 
time  of  the  sample  (defined  as  tf  -  L'-'rrz)  is  greater  than  ?0 
times  the  laser-pulse  duration.1®  The  characteristic  time  and 
the  pulse  duration  thus  determine  the  thickness  of  the  solid 
fuel  sample. 

Heat  losses  by  convection  from  the  top  surface  during  'lie 
laser-flash  method  was  investigated  by  Mendelsohn.1''  He 
found  that  the  heat  loss  by  convection  depends  strongly  upon 


the  testing  conditions,  sample  properties,  and  the  Biot  num¬ 
ber.  In  order  to  minimize  heat  losses,  the  Biot  number  for  the 
tests  conduced  in  this  study  were  of  the  order  of  0.02, 
ensuring  the  reliability  of  the  data.  In  addition,  the  sample 
was  mounted  on  insulation  material  to  minimize  conductive 
losses  from  the  bottom  surface. 


Thermophysical  Properries  of  Magnesium -Based 
and  Boron-Based  Solid  Fuels 

Figure  13  shows  the  results  obtained  by  the  STP  method 
for  the  magnesium-based  solid  fuel.  The  specific  heat,  thermal 
conductivity,  and  thermal  diffusivity  are  plotted  as  functions 
of  temperature.  The  specific  heat  and  density  of  Mg.  PTFE. 
and  Viton  A  were  obtained  from  Refs.  20-22.  respectively.  At 
a  temperature  of  about  40:C.  the  values  for  both  thermal 
conductivity  and  thermal  diffusivity  increase  drastically.  This 
sharp  increase  is  believed  to  be  caused  by  the  rapid  change  in 
theimal  diffusivity  of  PTFE  that  occurs  near  that  temperature 
due  to  the  crystalline  transition  (see  Fig.  14). 

To  verify  the  measurements  with  the  STP  method,  the 
laser-flash  method  was  used  to  determine  the  thermal  diffusiv¬ 
ity  of  the  magnesium-based  solid  fuel  at  25’C.  Using  a  sample 
thickness  of  0.i53cm,  a  value  of  1.6  x  10~:cm'/s  was  mea¬ 
sured;  this  agrees  reasonably  well  with  the  value  of 
1.1  x  i0":cnr/s  obtained  using  the  STP  method.  The  laser- 
flash  method  was  also  used  to  determine  the  thermal  diffusiv¬ 
ity  of  boron/poly(BAMO/NMMO)  solid  fuel,  and  a  value  of 
1.82  x  I0-5cnr/s  was  obtained  at  2S'C.  Temperature  profiles 
were  measured  for  the  boron/po!y(  BAMO/NMMO)  fuel; 
however,  the  thermal  diffusivity  cou!<  iot  be  calculated  be¬ 
cause  the  specific  heat  and  density  art  act  known. 

Summary  and  Conclusions 

The  combustion  behavior  and  thermophysical  properties  of 
magnesium-based  and  boron-based  solid  fuels  have  been  stud¬ 
ied  using  both  a  windowed  strand  burner  and  a  CO:  laser  test 
facility.  Results  from  strand-burner  tests  show  that  the  mag¬ 
nesium-based  fuel  burns  10%  faster  in  nitrogen  than  in  air, 
indicating  that  oxygen  has  an  adverse  effect  on  the  combus¬ 
tion  behavior  of  this  type  of  fuel.  To  verify  the  oxygen  effect, 
ignition  delay  times  were  measured  using  different  oxygen 
percentages.  It  was  found  that  (he  ignition  delay  time  de¬ 
creased  as  the  oxygen  percentage  decreased.  PDL  tests  show 
that  the  fuel  has  a  low  pressure  limit  of  9  8  kPa  for  stable 
combustion  in  nitrogen,  compared  to  28. 1  kPa  in  air.  Subsur¬ 
face  lemperature  profiles  of  the  magnesium-based  fuel  also 
indicate  the  adverse  effect  of  oxygen  on  the  combustion 
behavior. 

The  combustion  behavior  of  the  boron-based  solid  fuel  was 
also  studied  in  the  strand  burner,  and  its  burning  rate  was 
found  to  have  a  slightly  higher  pressure  dependence  than  that 
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for  the  magnesium-based  solid  fuel.  Expressions  for  the  burn¬ 
ing  rate  of  the  magnesium-based  fuel  in  air.  in  nitrogen,  and 
for  the  boron-based  fuel  in  air  were  found  to  be  0.19 Op0*2, 
0.239  p°*°,  and  0.136  p04i,  respectively.  To  investigate  the 
effect  of  boron  on  the  pure  poiy( BAMO/NMMO)  energetic 
binder,  ignition  delay  times  were  studied.  Results  showed  that 
the  random  ignition  delay  times  for  the  pure  poly(BAMO/ 
NMMO)  became  consistent  when  boron  was  added.  From 
high-speed  pictures  of  the  ignition  process,  it  was  found  that 
the  boron  particles  affect  the  fluid  dynamics  for  the  gaseous 
jet.  The  boron  also  resulted  in  increased  absorptivity  in  toe 
gas  phase.  The  combined  result  is  a  significant  decrease  in  the 
ignition  delay  time. 

An  STP  method  was  developed  in  order  to  determine  the 
thermophysical  properties  as  functions  of  temperature  for 
these  fuels,  and  the  resuits  were  compared  v.'iih  those  of  a 
laser-flash  method.  Knowing  the  value  for  the  specific  heat  of 
magnesium-based  solid  fuel  as  a  function  of  temperature,  the 
thermal  conductivity  and  thermal  diffusivity  of  the  fuel  were 
calculated  from  a  subsurface  temperature-time  trace.  The 
agreement  of  these  two  methods  demonstrates  the  validity  of 
the  STP  method. 
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ABSTRACT 

The  pyrolysis  and  ignition  characteristics  of  an  igniter  material 
composed  of  magnesium,  Polytetrafluorethylene,  and  Viton  A  have  been 
studied  using  a  high-power  CO2  laser  as  the  radiative  heating  source. 
Methods  of  analysis  and  the  instrumentation  employed  were  high-speed 
direct  and  schlieren  photography  to  visualize  the  flame  structure  and 
gas-phase  dynamics,  near-infrared  photodiodes  to  obtain  ignition  delay 
data,  and  probe  sampling  and  a  gas  chromatograph/mass  spectrometer  to 
analyze  the  gaseous  products  evolved.  Important  test  variables  were 
incident  heat  flux,  chamber  pressure,  and  oxygen  concentration.  In 
addition,  the  effect  of  boron  addition  on  the  ignition  behavior  of  the 
igniter  charge  was  studied. 

Ignition  occurred  on  the  sample  surface  under  all  test  conditions. 
Experimental  results  indicated  that  the  ignition  delay  time  decreased 
monotonically  as  the  incident  heat  flux  was  increased.  Also,  ignition 
times  decreased  as  the  ambient  pressure  or  the  ambient  oxygen  percentage 
was  reduced;  it  is  believed  that  this  decrease  is  caused  by  competitive 
oxygen  and  fluorine  reactions.  The  direct  and  schlieren  images  showed 
that  the  burning  behavior  was  also  distinctly  different  as  the  chamber 
pressure  or  oxygen  partial  pressure  was  reduced.  At  low  pressures  (-  0.1 
atm),  no  evident  luminous  plume  evolution  and  gas  -phase  dynamics  were 
observed  during  combustion,  and  the  igniter  material  decomposed  in  large 
fragments.  In  an  inert  atmosphere,  pure  PTFE  pyrolyzed  into  many 
fluorocarbon  compounds  and  Viton  A  pyrolyzed  into  a  variety  of 
fluorocarbons  and  hydrofluorocarbons.  However,  for  combustion  of  the 
composite  MTV  material  in  air  and  in  an  inert  helium  atmosphere,  only 
hydrocarbon  compounds,  and  CO  and  CO2  fo**  combustion  in  air,  were 
observed.  The  addition  of  boron  or  Viton  A  to  a  basic  Mg/PTFE 
composition  significantly  lowered  the  ignition  delay  time  and  the 
addition  of  boron  also  greatly  enhanced  combustion. 


1.  INTRODUCTION 

The  development  of  a  reliable  and  efficient  base  bleed  system  to 
increase  the  range  of  artillery  projectiles  is  currently  of  great 
interest.  This  system  is  designed  to  inject  gases  into  the  wake  behind 
the  projectile,  increasing  the  base  pressure  and  reducing  the  profile 
drag,  which  accounts  for  50-75%  of  the  total  drag  This  reduction  of  the 


drag  will  increase  the  range  capabilities  of  the  projectile.  To  insure 
sustained  ignition  of  the  base  bleed  propellant  during  the  transition 
from  the  severe  gun  barrel  environment  to  the  ambient  air  and  also  during 
the  subsequent  flight,  a  supplementary,  redundant  igniter  system  is 
required.  Thus,  the  base  bleed  igniter  propellant  must  be  able  to 
sustain  burning  over  a  wide  range  of  pressures,  temperatures,  and  gaseous 
environments.  It  must  also  be  durable  enough  to  withstand  the  tremendous 
forces  (-  10,000  G's)  of  setback  acceleration  and  the  centrifugal  forces 
of  high-speed  rotation  (16,000  rpm).1 

Most  of  the  work  to  date  on  base  bleed  has  concentrated  on  the 
aerodynamics  and  selection  of  candidate  propellants.  Several  researchers 
have  done  theoretical  calculations  of  the  effect  of  base  bleed  systems  on 
the  aerodynamics  of  a  projectile. 2-5  Experimental  simulations  have  also 
been  conducted  to  validate  the  effectiveness  of  base  injection. ?  .8 
Kloehn  and  Rassinfosse  have  written  a  paper  on  the  manufacture  of  base 
bleed  propellants. 9  Howev.  very  few  papers  have  been  published  tc  date 
on  studies  of  the  performam.  of  practical  base  bleed  motors  and  their 
supplementary  redundant  igniter  systems. 

Magnesium/PTFE/Viton  A  (MTV)  igniter  materials  have  been  considered  in 
solid  rocket  motor  igniters  and  are  now  being  tried  experimentally  in 
base  bleed  igniter  systems.  Peretz^  stated  that  the  use  of  magnesium 
as  the  metal  counterpart  is  beneficial  because  it  ignites  and  burns 
readily,  thus  promoting  efficient  combustion,  and  requires  small  amounts 
of  oxidizing  agent  to  burn.  Viton  A  (-C5H3.5F6.5-Jn,  a  copolymer  of 
vynilidene  fluoride  and  perfluoropropylene,’ is  often  added  to  Mg/PTFE 
formulations  to  increase  homogeneity  and  facilitate  fabrication.  Because 
of  its  chemical  similarity  to  Polytetrafluoroethy lene  [PTFE  ( '^2^4“ ) n 3 * 

significant  amounts  of  Viton  A  can  be  added  without  altering  the 
combustion  characteristics. 

Peretz^  listed  the  following  advantages  of  the  MTV  formulation  for  use 
as  an  igniter  material:  high  energy  content,  high  degree  of  safety  in 
preparation,  low  temperature  and  pressure  dependence  of  the  burning  rate, 
ease  and  low  cost  of  igniter  pellet  or  grain  fabrication,  favorable  aging 
characteristics,  and  stable  burning  at  low  pressures.  He  also  listed 
several  advantages  of  metal -fluorocarbon  compositions  in  comparison  with 
metal-hydrocarbon  materials:  higher  volumetric  heat  release,  higher  rate 
of  reaction,  much  higher  density,  excellent  chermal  stability  (due  to  the 
high  C-F  bond  strength),  higher  activation  energy,  and  much  lower 
production  of  soot  due  to  the  lower  content  of  carbon.  For  magnesium, 
the  standard  gravimetric  and  volumetric  heats  of  fluorination  [producing 
MgF2(S)3  are  almost  exactly  twice  as  much  as  those  for  oxidation 
[producing  Mg0(s)]. 

The  thermal  decomposition  of  PTFE  has  been  studied  by  Griffiths  et  al.^ 
■\nd  Kubota  and  Serizawa.^  Both  groups  used  simultaneous  DTA/7G  with 
heating  rates  of  20  K/minl2  an(j  iq  K/min.33  Griffiths  et  al.  observed 
that  the  decomposition  of  PTFE  was  endothermic  in  argon  and  nitrogen  but 
was  exothermic  in  air.  However,  Kubota  and  Serizawa  observed  the 
decomposition  of  PTFE  in  argon  to  be  exothermic.  Griffiths  et  al.  also 
observed  that  the  decomposition  process  became  increasingly  exothermic  in 
all  gaseous  environments  as  an  increasing  amount  of  magnesium  was  added 
to  the  PTFE,  and  the  nature  of  the  decomposition  in  argon  changed  from 
purely  endothermic  for  PTFE  to  purely  exothermic  for  a  Mg/PTFE  (3:2)  mix. 


Kubota  and  Serizawa  have  published  two  of  the  more  comprehensive  papers 
on  experimental  studies  of  the  combustion  of  Mg/PTFE  materials.--*-^ 
Their  material  also  contained  3%  Viton  A.  Chen  et  al.15  have  conducted 
studies  of  the  thermophysical  properties  and  combustion  of  metal-based 
solid  fuels  in  a  strand  burner,  including  the  material  that  is  the 
subject  of  this  paper.  They  found  that  the  burning  rate  was 

consistently  higher  in  a  nitrogen  atmosphere  than  ir  air,  and  they  also 
measured  the  thermal  diffusivity  to  be  1.6  x  10“2  cm2/sec.  However,  to 
the  authors'  knowledge,  no  experimental  papers  have  been  published  to 
date  on  the  ignition  behavior  of  MTV  igniter  materials. 


Characterization  of  the  ignition  behavior  of  the  MTV  material  under  a 
wide  range  of  conditions  is  critical  for  determining  the  feasibility, 
applicability,  and  subsequent  performance  of  the  igniter.  Radiative 
ignition  has  been  often  used  in  the  studies  of  ignition  behavior  of  solid 
propellants.  The  high-power  CO?  loser  is  now  the  prevailing  choice  for 
the  radiant  energy  source  due  to  its  advantages  of  precise  control  of 
lasing  time  and  energy  flux,  and  a  high  level  of  beam  intensity  that 
simulates  energy  fluxes  found  in  igniters  and  propulsive  devices. 


The  overall  objective  of  this  research  was  to  investigate  the  ignition 
behavior  of  a  Mg/PTFE/Viton  A  igniter  material  under  various  ambient 
conditions,  to  gain  a  better  understanding  of  the  processes  governing 
ignition,  and  to  correlate  this  data  with  conditions  experienced  by  a 
base  bleed  igniter.  Specific  objectives  were:  (1)  to  investigate  the 
flame  structure  and  gas-phase  dynamics  during  the  ignition  transient 
under  various  pressures  and  amoient  oxygen  concentrations,  (2)  to  study 
the  variation  of  ignition  delay  time  as  a  function  of  pressure,  ambient 
oxygen  concentration,  and  incident  heat  flux,  and  (3)  tc  analyze  the 
gaseous  species  produced  during  pyrolysis  and  ignition  of  the  MTV 
material  and  during  pyrolysis  of  PTFE  and  Viton  A  individually. 


2.  EXPERIMENTAL  APPROACH 

A  diagram  of  the  overall  experimental  set-up  is  given  in  Figure  1.  The 
radiative  energy  source  was  a  high-powet  Coherent  Super  48  CO?  Laser, 
capable  of  producing  800  watts  cf  power  in  the  continuous  wave  mode  and 
3500  watts  in  the  pulsed  mode  with  precise  control  of  the  power  output 
and  lasing  time.  A  beam  profile,  uniform  within  ±  10%  across  the 
propellant  sample  surface,  was  obtained  using  an  aperture  with  a  diameter 
of  7  mm  to  allow  only  the  most  uniform  center  section  of  the  beam  to 
irradiate  the  surface.  For  all  tests,  the  actual  heat  flux  was  measured 
with  a  calorimeter.  A  cubic  Plexiglass  test  chamber,  25  cm  on  a  side, 
with  a  stainless  steel  top  cover  was  used  for  ignition  delay  tests  and 
schlieren  visualization.  Two  high-quality  glass  windows  were  installed 
in  opposite  sides  of  the  chamber  for  the  schlieren  flow  visualization. 

For  the  species  sampling  tests,  in  order  to  have  considerable  species 
concentrations,  a  smaller  Plexiglass  test  chamber,  10  cm  long  by  5  cm  in 
diameter  with  aluminum  end  caps,  was  employed.  A  septum,  installed  in 
the  side  of  the  chamber,  allowed  for  gas  sampling  with  a  syringe.  The 
top  covers  of  both  chambers  were  fitted  with  potassium  chloride  windows, 
which  are  highly  transmissive  in  the  infrared  range,  ror  beam  entrance. 
Pressure  and  composition  of  the  initial  gas  in  the  chamber  was  controlled 
using  a  vacuum  pump,  a  pressure/vacuum  gauge,  and  an  inert  gas  supply 
system. 
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FIGURE  1.  Experimental  setup  for  CO2  laser  pyrolysis  and  ignition 


Both  the  direct  and  schlieren  images  were  recorded  with  a  Spin  Physics 
2000  video  recording  system.  As  seen  in  Fig.  1,  the  system  consists  of  a 
controller,  video  monitor,  and  two  camera  heads.  Maximum  recording  speed 
is  12000  pps,  but  a  2000  pps  recording  rate  was  employed  for  this 
research.  The  controller  can  display  both  the  schlieren  and  direct 
images  simultaneously,  allowing  direct  comparison  of  the  flame  structure 
and  gas-phase  dynamics.  The  schlieren  system  is  a  "Z-type" 
configuration,  employing  15  cm  parabolic  mirrors  to  direct  a  parallel 
light  beam  through  the  test  chamber  from  a  100  watt  continuous 
tungsten-halogen  lamp.  The  beam  is  directed  and  shaped  by  lenses  and 
rectangular  apertures  at  each  end  as  it  travels  from  the  l’ght  source, 
through  the  chamber,  and  into  the  video  camera  at  the  other  end. 

The  MTV  igniter  material  studied  in  this  research  consisted  of  50% 
magnesium  particles  of  325  mesh  size  and  99.8%  purity.  The  balance  of 
the  material  was  composed  of  a  granular  resin  of  PTFE  particles  (dia. 

-  30  jan)  and  Viton  A  particles.  The  boron  powder  used  in  the 
boron/Mg/PTFE  formulations  was  composed  of  99%  pure  amorphous  particles 
with  a  0.5  pm  average  size. 

Ignition  delay  times  were  determined  using  two  near-infrared  photodiodes 
(spectral  response:  0.35-1.15  jm)  to  sense  the  first  light  emission  from 
a  flame  or  heat  production  from  chemical  reactions.  One  photodiode  was 
positioned  seven  cm  from  the  sample  and  aimed  directly  at  its  surface 
while  the  other  one  was  positioned  in  an  upper  corner  of  the  chamber  and 
aimed  2.5  cm  above  the  surface  to  observe  the  gas-phase  infrared  emission. 
To  signal  "zero-time"  on  both  the  photodiode  traces  and  the  direct  video 
image,  a  strobe  light  was  employed.  The  data  was  recorded  on  a  Nicolet 
oscilloscope  and  transferred  to  an  IBM  PC  for  processing. 


After  a  test,  samples  of  gaseous  products  were  drawn  from  the  test 
chamber  with  a  one  mi  nil  iter  syringe.  These  gaseous  product  species 
were  then  analyzed  using  .a  Hewlett/Packard  gas  chromatograph /mass 
spectrometer.  Most  of  the  samples  wefe  analyzed  with  a  Carbopack  B/5% 
Fluorocol  column  run  isothermal ly  at  50°C.  A  column  with  Porapak  Q&R  in 
series,  used  to  obtain  data  on  hydrocarbon  species,  was  run  isothermal ly 
at  50°C  for  the  first  5  minutes  and  then  ramped  at  15’C  per  minute  up  to 
200 °C  for  the  remainder  of  the  run. 


3.  flame  structure  and  gas-phase  dynamics 

Figure  2  is  a  sequence  of  images  depicting  the  ignition  transient  for  a 
sample  ignited  in  air  at  I  atmosphere.  Both  the  direct  and  schlieren 
photographs  of  the  ignition  sequence  are  shown.  The  times  below  each 
pair  of  images  represent  the  time  elapsed  from  the  onset  of  laser  heating. 
In  each  pair  of  images,  the  sample  surface  is  at  the  same  height; 
however,  the  magnification  of  the  direct  image  is  slightly  less  than  that 
of  the  schlieren  image. 

Ignition  occurs  in  Fig.  2a  after  a  delay  time  of  19  milliseconds.  The 
faint  light  emission  seen  on  the  sample  surface  in  the  direct  image 
corresponds  to  the  abrupt  rise  in  the  photodiode  signal  {within  2 
milliseconds)  that  was  used  as  the  criterion  for  ignition.  The  initial 
evolution  of  a  gaseous  sphere  on  the  schlieren  image  occurs  slightly  off 
the  center  of  the  sample  due  to  minor  variations  in  the  laser  beam 
intensity  profile.  The  gaseous  sphere  expands  upward  in  Fig.  2b  and  a 
ball  of  flame  is  established  within  the  dark  outer  gradients  of  the 
sphere.  The  flame  and  evolved  gases  continue  to  propagate  through 
Figs.  2c-2f.  A  mushroom-shaped  gas-phase  structure  can  be  seen  inside 
the  outer  gradient  in  the  schlieren  picture  in  Fig.  2e.  The  cap  of  the 
mushroom  is  due  to  the  formation  of  a  vortex  resulting  from  the 
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FIGURE  2.  Ignition  sequence  of  the  MTV  igniter  material  in  air  a'.  1 
atmosphere  (q"  »  640  H/cm^) 


propagation  of  the  initial  sphere  of  gases  evolved,  and  the  stem  is 
formed  by  the  continued  evolution  of  a  stream  of  gases  normal  to  the 
surface.  The  actual  steady-state  flame  shape  has  not  yet  been 
established  in  Fig.  2f,  but  it  is  quite  similar  in  size  to  the  inner 
flame  region  that  can  be  seen  in  the  schlieren  image.  Large  particles 
can  be  seen  in  both  the  direct  and  schlieren  images  in  this  figure. 

An  ignition  test  conducted  at  a  low  pressure  of  -  0.1  atmosphere  is 
displayed  in  Fig.  3.  Clearly,  this  ignition  process  is  much  less 
vigorous  than  the  rathei  explosive  dynamics  observed  in  the  higher 
pressure  ignition.  The  first  emission  of  visible  light  does  not  occur 
until  108  milliseconds,  but  the  photodiode  signal  abruptly  increases  at 
32  milliseconds.  Evidently,  the  rise  in  the  photodiode  signal  was  caused 
by  a  significant  amount  of  heat  (Infrared  emission}  being  evolved  well 
before  the  visible  light  of  a  flame  was  observed.  Thus,  the  ignition  at 
low  pressure  is  correlated  with  the  significant  evolution  of  heat  from 
chemical  reactions;  the  heat  evolution  does  not  directly  correspond  to 
the  onset  of  a  visible  flame. 

Two  cstinct  phenomena  observed  in  Fig.  3  are  the  abundance  of  very  large 
particles  and  fragments  evolved  from  the  sample  and  the  lack  of  any 
gas-phase  structure  in  the  schlieren  pictures.  Figures  3b  and  3c  depict 
the  evolution  and  transport  of  two  large  fragments  from  the  surface,  and 
Fig.  3d  shows  the  first  sign  of  a  substantial  flame  zone  established  on 
the  surface.  The.i  in  Pigs.  3e  and  3f,  huge  amounts  of  very  large 
particles  are  evolved  as  the  sample  "burns. "  In  this  test,  the  side 
surfaces  cf  the  sample  ve,-e  not  inhibited,  and  particles  evolved 
horizontally  ir.  Fig.  3f  are  a  result  of  side  burning.  After  the  test, 
these  particles  fully  coated  the  schlieren  windows  15  cm  from  the  sample 
and  blocked  the  schlieren  image  by  the  time  the  sample  had  been 
completely  burned. 
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FIGURE  3.  Ignition  sequence  of  the  MTV  igniter  material  in  air  at  -  G.I 
atmosphere  (q“  «•  43(1  W/crn^) 


FIC’JRE  4,  Ignition  sequence  of  the  MTV  igniter  material  in  an  inert  Ng 
environment  at  1  atmosphere  {q“  »  430  W/cm*) 


A  set  of  images  depicting  ignition  in  an  inert  atmosphere  of  nitrogen 
{-  9.5%  0?)  is  given  in  fig.  4,  The  gas-phase  dynamics  follow  roughly 
the  same  progression  as  those  for  tests  in  air.  The  gradients  are 
noticeably  darker,  though,  indicating  stronger  density  and/or  temperature- 
gradients,  an-J  the  flame  structure  is  obviously  quite  different  from  the 
ignition  tests  in  air  at  one  atmosphere.  The  flame  initially  propagates 
to  a  neight  around  1.0  centimeter  above  the  sample  surlace  and  then 
recedes  to  the  steady-state  shape  seen  in  fig.  4f.  Comparing  Figs.  Z  and 
4,  it  can  definitely  be  concluded  that  oxygen  plays  a  significant  role  in 
the  reactions  that  produce  a  large  luminous  plume  during  ignition.  The 
final  steady-state  flame  is  also  larger  for  the  case  of  air. 

Finally,  Fig.  5  displays  two  schlieren  images  with  different  levels  of 
magnification  that  were  obtained  using  different  focal  lengths  of 
collimating  lenses  in  front  of  the  camera.  The  lenses  used  for  Figs.  5a 
and  5b  provide  magnifications  of  1.8  and  4.5,  respectively,  of  the  images 
displayed  in  Figs.  2-4.  Both  images  in  Fig.  5  represent  ignition  in  air 
at  1  atmosphere.  Measurements  taken  from  al!  the  images,  irrespective  of 
thi  level  of  magnification,  corresponded  very  well,  confirming  the 
accuracy  and  reproducibil ity  of  the  schlieren  system.  These  measurements 
showed  that  the  primary  flams  zone  established  on  the  sample  surface  is 
’.2-1.5  nm  in  height. 


4.  IGNITION  DELAY  BEHAVIOR 

The  ignition  delay  behavior  of  the  MTV  igniter  material  was  investigated 
as  a  function  of  pressure,  heat  flux, and  ambient  oxygen  concentration. 
The  ignition  delay  times  were  determined  from  the  photodiode  traces  as 
the  elapsed  time  from  the  initiation  of  laser  heating  to  the  distinct 
point  where  the  signal  rose  very  abruptly,  evidenced  by  the  typical 


photodiode  trace  given  in  Fig.  6.  There  is  a  very  abrupt  "spike"  in  the 
signal  which  drops  and  then  rises  again  to  a  relatively  steady  state. 

This  ignition  delay  time. was  normally  within  2-3  milliseconds  of  the  time 
elapsed  until  the  first  light  emission  observed  in  the  direct  image. 

After  ignition,  combustion  of  the  samples  was  sustained  until  they  were 
totally  consumed,  regardless  of  the  ambient  conditions. 

Figure  7  exhibits  the  ignition  delay  behavior  as  a  function  of  ambient 
pressure  and  incident  heat  flux.  The  two  curves  indicate  the  pressure 
dependence,  one  for  ignition  at  1  atmosphere  and  the  other  in  a  relative 
vacuum  of  less  than  0.1  atmosphere.  Most  importantly,  it  can  be  seen 
that  the  ignition  delay  times  are  shorter  at  lower  pressure.  Also,  the 
profiles  of  both  curves  as  a  function  of  the  radiative  heat  flux  from  the 
CO2  laser  are  quite  similar.  In  other  words,  lowering  the  pressure 
merely  serves  to  shift  the  curve  down  while  maintaining  the  same  flux- 
dependf.t  profile.  However,  the  reason  for  the  shorter  delays  at  lower 
pressures  can  most  likely  be  explained  by  the  results  given  in  Fig.  8. 

Figure  8  illustrates  the  effect  of  the  ambient  oxygen  concentration  on 
the  ignition  delay  behavior  at  a  constant  heat  flux.  The  curve  shows 
that  the  ignUion  delay  time  increases  with  an  increase  in  the  ambient 
oxygen  concentration.  Although  more  data  is  needed  to  confirm  this 
behavior,  the  trend  is  believed  to  be  correct,  and  it  represents  a 
significant  point  in  understanding  the  ignition  mechanisms.  This 
behavior  is  also  the  most  likely  justification  for  the  lower  ignition 
delays  at  lower  pressures  observed  in  Fig.  7,  since  as  pressure 
decreases,  the  concentration  of  ambient  oxygen  also  decreases. 


FIGURE  7.  Effect  of  pressure  and  incident  heat  flux  on  ignition  delay 
time  of  MTV  igniter  material  in  air 


FIGURE  8,  Effect  of  oxygen  concentration  on  ignition  delay  time  of  MTV 
igniter  material  at  1  atmosphere  (cf  •  -  400  W/cm2) 


In  this  work,  it  is  believed  that  the  inhibiting  effect  of  oxygen 
observed  in  Fig.  8  was  due  to  the  reaction  with  Mg  to  form  MgO  and  thus 
prevent  the  fluorine  from  reacting  with  the  Mg.  Since  the  gravimetric 
heats  of  oxidation  and  fluorination  of  Mg  are  24.75  KJ/g  and  4C.25  KJ/g, 
respectively the  reaction  of  oxygen  with  magnesium  would  generate  less 
thermal  energy  than  the  reaction  of  fluorine  with  magnesium,  producing  a 
longer  ignition  delay  in  air.  Ignition  delay  tests  performed  on  a  pellet 
composed  of  a  1:1  mixture  of  PTFE  and  Mg  without  any  Yiton  A  showed  that 
the  ignition  delay  was  approximately  twice  as  much  as  that  of  the  MTV 
igniter  material  under  the  same  conditions,  leading  to  the  conclusion 
that  Viton  A  is  the  rate-control iing  ingredient  for  the  MTV  formulation. 
Properties  of  these  polymers  that  would  ~eem  to  substantiate  this 
behavior  are  the  decomposition  of  Viton  h  at  £89  versus  803  for 
the  PTFE,  and  activation  energies  of  210  KJ/mol  and  350  KJ/mol, 
respectively.  The  effect  of  oxygen  on  the  ignition  delay  of  the  MTV 
igniter  material  should  then  be  a  result  of  its  effect  on  Viton  A,  in 
addition  to  its  effect  on  magnesium.  Also,  the  appearance  of  first  light 
emission  always  occurred  on  the  surface,  suggesting  that  heterogeneous 
reactions  may  be  involved  in  the  ignition  process. 

In  an  attempt  to  improva  the  ignition  and  combustion  of  the  MTV  igniter 
material,  boron  was  added  to  several  different  formulations  of  Mg  and 
PTFE.  The  ignition  delay  results  are  presented  in  Fig.  9.  The  results 
indicate  that  increasing  the  amount  of  boron  in  an  Mg/PTFE  formulation 
significantly  reduces  the  ignition  delay  time,  with  the  shortest  delay 
observed  for  a  50/50  formulation  of  boron/PTFE  without  any  magnesium. 


FIGURE  9.  Effect  on  ignition  delay  of  the  addition  of  boron  and  Viten  A 
to  *  Mg/?TFE  material  ^ignition  in  air  at  1  atmosphere) 


Two  factors  considered  in  explaining  this  trend  were  radiation 
reflectivity  at  the  10.6  pm  wavelength  of  the  CO2  laser  and  thermal 
diffusivity.  The  reflectivity  of  magnesium  is  about  0.75,^  which  is 
much  greater  than  that  of  boron.  Therefore,  a  large  part  of  the  laser 
energy  may  be  reflected  away  from  the  surface  of  samples  containing 
significant  amounts  of  magnesium.  It  was  considered  that  the  ignition 
enhancement  by  boron  observed  in  Fig.  9  may  be  an  artifact  of  the  laser 
and  not  a  practical  consideration  for  the  improvement  of  the  ignition  of 
Mg/PTFE  igniter  material.  However,  the  combustion  after  laser  cutoff  of 
the  Mg/B/PTFE  formulation  with  30%  boron  was  much  more  vigorous  than  the 
formulation  without  any  boron,  indicating  that  the  addition  of  boron  does 
have  a  significant  physicochemical  effect.  Also,  the  thermal  diffusivity 
of  magnesium  is  0.876  cm^/sec,  which  is  eight  times  higher  than  that  of 
boron.  Consequently,  in  a  sample  containing  magnesium,  the  rate  of 


pane.- era  tier?  of  the  thermal  wave  is  much  higher.  This  phenomenon  lowers 
the  rate  o#  increase  of  the  surface  temperature,  which  in  turn,  increases 
the  delay  time  to  ignition. 

Another  important  observation  from  Fig.  9  is  that  the  replacement  of  PTFE 
ir.  the  50/50  Mg/PTFE  formulation  with  an  amount  of  Vicor.  A  significantly 
reduced  the  ignition  delay  time.  Kubota  and  Serirawa^  reported  that  the 
addition  of  it  Vifcon  A  to  their  Mg/PTFE  formulation  did  not  alter  the 
burning  rate.  However,  the  HTV  igniter  material  tested  here  contained  a 
higher  percentage  of  Viton  A,  and  the  effect  on  the  ignition  delay  time 
was  obviously  significant.  The  iower  delay  times  are  believed  to  be 
caused  by  the  lower  decomposition  temperature  and  lower  activation  energy 
of  Viton  A,  in  comparison  with  those  of  PTFE,  which  were  reported 
earlier. 


5.  PYROLYSIS  AND  IGNITION  PRODUCT  SPECIES  ANALYSIS 

The  gaseous  species  evolved  during  the  pyrolysis  of  ?'*FE  and  Viton  A,  and 
the  ignition  of  the  MTV  igniter  material,  were  analyzed  with  a  gas 
chromafcograoh/mass  soectrometer.  iests  were  conducted  in  both  an  inert 
atmosphere  and  in  air  to  investigate  the  role  of  oxygen  in  the  Ignition 
processes.  Solid  ignition  products  were  also  analyzed  by  X-ray 
diffraction. 

The  pyrolysis  cf  PTFE  in  an  inert  f<2  environment  at  one  atmosphere 
produced  the  total  ion  enromatoyraph  given  in  Fig,  10.  The  sample  was 
heated  twice  by  a  heat  flex  of  430  H/cm2  for  two  seconds  each  time.  The 
most  abundant  species  evolved  are  C2F5,  C2F4  (the  monorr.&r),  C3F6  (two 
isomers),  CF4,  and  two  isomers  of  CijFg.  Interestingly,  the  most  abundant 
spedes,  per fluoroe thane  {C2F5),  was  not  listed  in  a  depolymerizatior./ 
degradation  chart  for  PTFE  presented  by  Elias,*8  but  was  the  most 
abundant  compound  observed  in  the  pyrolysis  of  both  PTFE  and  Vicon  A, 


FIGURE  10.  Chromatograph  of  the  pyrolysis^of  PTFc  in  an  inert  No 
environment  at.  I  atmosphere  (q“  »  430  W/crn^-  for  2  heatings  of  2  seconds) 


FIGURE  II.  Chromatograph  of  the  pyrolysis  ana  reaction  of  PTFE  in  both 
an  inert  h'2  environment  and  air  at  1  atmosphere  (q"  »  43U  W/cm2  for  2 
heatings  of  2  seconds} 


Figure  11  compares  the  inert  pyrolysis  of  FIFE  (shown  in  Figs.  10  and 
11a)  with  the  pyro'h sis  and  reaction  of  PTFE  in  air  at  i  atmosphere.  It 
can  be  seen  that  the  amounts  of  C3F5  and  C^Fg  decreased  s tightly  for 
pyrolysis  and  reaction  in  air  {Fig.  lib),  compared  to  pyrolysis  in 
nitrogen  (Fig.  I la ; .  The  amount  of  appeared  to  remain  the  same. 

The  amount  of  CF4  appeared  to  increase  in  Fig.  lib,  but  the  mass 
spectromefcric  breakdown  of  tr-at  peak  indicated  that  CO  and  CO2  were  also 
eluted  at  that  time,  and  the  three  compounds  could  not  be  individually 
resolved.  Griffiths  et  ai.*2  reported  that  CO2  and  CF2O  had  been  found 
by  several  other  researchers  for  the  reaction  of  PTFE  In  air.  However, 
the  existence  of  CF2O  could  not  be  confirmed  by  the  present  apparatus. 
Using  a  microburner  to  study  the  premixed  burning  of  several 
fluorccarbon-cxyger.  mixtures,  Hatula^  reported  significant  burning  of 
mixtures  containing  and  C4Fg.  He  also  reported  that  C2F5-O2  and 
CF4-O2  mixtures  could  not  be  ignited  at  one  atmosphere  of  air.  These 
results  are  consistent  with  the  results  presented  in  Fig.  11. 

Figure  12  gives  the  total  ion  chromatograph  for  the  pyrolysis  of  Viton  A 
in  an  inert  H2  atmosphere.  The  major  species  evolved  were  CF3H,  C2p6» 
c2f4»  C2F3H,  C2F5H,  C3F4H2,  C3F5,  C3F5H,  C4F5H2,  C5F10,  C5F7H,  and  C4F5. 
The  two  most  abundant  species  evolved  were  C2F6  an(*  C3F6»  which  were  also 
the  most  abundant  species,  along  with  the  monomer,  that  were  evolved  from 
PTFE.  The  similarity  of  products  between  PTFE  and  Viton  A  substantiates 
the  claim  that  the  effect  of  oxygen  on  the  decomposition  products  for 
Yiton  A  and  PTFE  may  be  quite  similar.  Interestingly,  no  CF4  was 
observed  for  Vifon  A,  but  a  peak  observed  at  the  same  time  it  is  normally 
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FIGURE  12.  Chromatograph  of  the  pyrolysis  of  Viton  A  in  an  inert  N2 
environment  at  1  atmosphere  (q"  -  430  W/cm2  for  2  heatings  of  2  seconds) 


eluted  contained  CF3H.  A  trend  was  observed  where  fluorine  atoms  were 
replaced  by  hydrogen  acorns  in  some  of  the  more  common  CmFn  structures 
(i.e.,  C3F6  ->  C3F5H). 

The  chromatographs  of  the  gaseous  product  species  evolved  for  the 
ignition  and  combustion  of  the  MTV  igniter  material  are  presented  in 
Figs.  13  and  14.  Since  the  5  millimeter  cubes  of  igniter  material  were 
totally  consumed  after  ignition  and  the  gas  samples  were  taken  after  the 
test  was  over,  the  species  analyzed  were  the  products  of  sustained 
combustion  and  not  just  ignition.  Figure  13a  displays  the  results  of 
tests  conducted  in  air,  and  the  tests  for  Fig.  13b  were  conducted  in  an 
inert  nitrogen  atmosphere.  Magnesium  compounds  were  not  observed  in  the 
gaseous  state  in  either  case.  As  was  seen  in  Fig.  11,  tests  run  in  air 
also  produced  CO  and  CO2  as  well  as  most  of  the  other  products  identified 
in  the  combustion  in  an  inert  atmosphere. 

The  rest  of  the  peaks  observed  in  these  chromatographs  establish  an 
important  point  to  be  considered  in  the  mechanisms  of  ignition  and 
subsequent  combustion  of  the  igniter  material.  Almost  all  of  the  species 
observed  for  combustion  in  both  air  and  an  inert  No  atmosphere  were  CaHb 
compounds,  and  the  numerous  CmFr,  and  C;<HyFz  observed  in  the  pyrolysis  of 
Teflon  and  Viton  A  were  not  found  in  the  combustion  of  the  MTV  igniter 
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FIGURE  14.  Chromatograph  using  a  series  of  Porapak  Q  and  R  columns  to 
analyze  the  gaseous  products  of  the  ignition  and  combustion  of  the  MTV 
igniter  material  in  air  at  1  atmosphere  (q"  -  430  W/cm2) 
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material.  A  probable  explanation  is  that  the  primary  pyrolysis  species 
are  consumed  to  form  undetected  HF  or  to  form  the  observed  MgF2  solid 
products.  Also,  the  small  peaks  from  8-13  minutes  observed  in  the  inert 
combustion  tests  are  not  evident  in  the  combustion  in  air;  clearly,  the 
combustion  in  an  inert  atmosphere  is  not  as  complete  as  that  in  air. 

In  Fig.  14,  gas  samples  of  the  MTV  material  ignition  and  combustion  in 
air  were  also  run  through  a  series  of  Porapak  Q  and  R  columns  for  species 
identification.  These  columns  are  more  applicable  to  detecting  CaHb 
compounds.  However,  only  small  amounts  of  a  few  compounds  of  this  type 
were  detected,  as  well  as  significant  amounts  of  CO  and  COg -  These 
results  verify  the  results  given  in  Fig.  13a  for  the  same  experimental 
conditions  using  the  Carbopack  B/5%  Fluorcol  column  for  analysis. 

X-ray  diffraction  analysis  was  also  used  to  investigate  the  composition 
of  the  condensed-phase  species  evolved  during  the  combustion  of  the 
propellant.  MgF2,  MgO,  and  carbon  were  detected  in  varying  amounts, 
depending  on  the  test  conditions.  Of  course,  MgO  was  only  detected  in 
significant  amounts  for  the  combustion  in  air. 


6.  SUMMARY  AND  CONCLUSIONS 

The  pyrolysis  and  ignition  characteristics  of  a  Mg/PTFE/Vi ton  A  igniter 
material  were  studied  under  radiative  heating  by  a  high-power  CO2  laser. 
The  ignition  sequence  was  recorded  by  both  direct  high-speed  video 
photography  of  the  flame  structure  and  schlieren  flow  visualization  of 
the  gas-phase  dynamics.  Ignition  delay  times  were  obtained  as  a  function 
of  incident  heat  flux,  pressure,  and  ambient  oxygen  concentration.  A 
gas  chromatograph/mass  spectrometer  was  used  to  analyze  the  pyrolysis  and 
ignition  products  of  the  test  sample  and  its  constituents. 

High-speed  video  photography  showed  that  ignition  always  occurred  on  the 
sample  surface.  A  primary  flame  zone  attached  to  the  surface  with  a 
height  of  1.2-1. 5  millimeters  was  observed  in  both  air  and  inert  gas 
environments  at  one  atmosphere.  The  size  of  the  luminous  gas-phase  plume 
above  the  primary  flame  decreased  with  a  decrease  in  ambient  oxygen 
concentration  for  tests  conducted  at  one  atmosphere.  However,  at  a 
pressure  of  -  0.1  atmosphere,  no  evident  plume  evolution  and  gas-phase 
dynamics  were  observed,  and  the  igniter  material  decomposec  in  large 
fragments. 

Ignition  delay  times  decreased  monotonically  as  heat  flux  increased, 
pressure  decreased,  or  ambient  oxygen  concentration  decreased.  The 
effect  on  ignition  delay  of  adding  boron  or  Viton  A  to  a  basic 
composition  of  Mg/PTFE  was  also  investigated.  The  addition  of  boron 
significantly  lowered  the  ignition  delay  time  and  greatly  enhanced 
combustion.  The  addition  of  Viton  A,  which  has  a  much  lower 
decomposition  temperature  and  activation  energy  than  PTFE,  greatly 
lowered  the  ignition  delay  time,  which  led  to  the  conclusion  ;hat  Viton  A 
is  the  rate-controlling  constituent  for  ignition  of  the  MTV  igniter 
material . 

For  combustion  of  the  igniter  material  in  both  inert  N2  and  air 
environments  at  one  atmosphere,  the  only  gaseous  product  species  detected 
were  several  hydrocarbons,  with  the  addition  of  CO  and  CO2  in  air. 
However,  for  pyrolysis  of  PTFE  and  Viton  A  individually  in  an  inert  N2 
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environment,  numerous  fluorocarbon  species,  and  hydrofluorocarbons  for 
Viton  A,  were  detected.  It  was  concluded  that  these  primary  pyrolysis 
species  are  consumed  to  form  the  detected  hydrocarbons,  CO  and  CO2  for 
combustion  in  air,  undetected  IIF,  and  solid  MgF2  and  carbon.  These 
condensed  phase  products  were  identified  by  X-ray  diffraction.  Solid  MgO 
was  also  observed  for  combustion  in  air. 

In  summary,  the  MTV  igniter  material  with  the  addition  of  boron  is  highly 
recommended  for  base  bleed  applications,  due  to  its  suitable  ignition 
behavior  under  various  gas  and  low-pressure  environments. 
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Dr.  N.  E.  Gunners'  Question:  In  your  paper  you  say  that  "the  MTV  igniter 
material  with  the  addition  of  loron  is  highly  recommended  for  base  bleed 
applications."  In  conventional  base  bleed  applications,  the  ignition 
takes  place  under  conditions  rather  different  from  your  experiments. 

Would  you  please  comment  on  this?  Do  you  have  other  information— not 
reported  here— supporting  your  recommendation? 

Answer:  Ue  understand  that  the  actual  conditions  for  ignition  of  the 
base  bleed  igniter  material  in  the  gun  environment  are  quite  different 
from  the  well-controlled  laboratory  conditions  under  which  these 
experiments  were  conducted.  In  the  gun  environment,  ignition  is  due  to 
thermal  energy  input  from  hot  gases,  while  ignition  by  a  high-power  laser 
is  due  to  radiative  energy  input.  However,  in  both  cases,  ignition  of 
the  igniter  material  is  caused  by  an  external  thermal  energy  input  to 
increase  the  energy  in  the  thermal  layer  near  the  surface  of  the  igniter 
material  to  a  critical  level. 
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if  the  ignition  processes  of  the  MTV  igniter  material  can  be  better 
achieved  by  the  well-controlled  experimental  setup. 

Presently,  we  do  not  have  additional  results  to  support  our 
environment  and  the  CO2  laser-induced  ignition. 

nr  A  Ranv's  Question:  You  relate  your  ignition  data  to  the  heat  flux 
?  *fh*  surface  while  the  heat  balance  may  be  different  under  practical 

conditions.  Oid  you  consider  a  possibility  that  a  cert. if 'Surface 
temper  a  tore could  be  an  ignition  criterion?  Is  here  an,  indication  of 
the  propellant  surface  temperature  at  the  instant  of  igmtio  . 
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ntI'  surface  However,  separate  tests  were  conducted  in  a  strand 
burner  using  embedded  thermocouples  to  determine  the  burning  surface 
temperature^  ^hich  is  believed  to  be  comparable  o  the  cr,  tical  ignition 
temperature.  This  temperature  was  found  to  be  100GK  i  100*. 
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An  instrument  has  been  developed  for  measuring  high-power  laser  beam  profiles  and  the  amount 
of  beam  attenuation  during  radiative  ignition  of  solid  propellants.  The  detector  houses  a  1.0  mm 
square  PZT  (lead-zirconate-titanate)  sensing  element  that  responds  t.o  changes  in  incident  laser 
beam  intensity.  A  chopper  wheel  with  three  slots  was  employed  to  produce  the  changes  in  beam 
intensity  required  by  the  element.  The  resultant  output  signal  is  a  series  of  “spikes”  whose  height 
corresponds  tc  the  level  of  beam  intensity.  Profiles  of  a  high-power  CO,  laser  beam  were  obtained 
by  using  the  detector  to  acquire  a  series  of  radial  data  points  which  were  then  graphed  to  yield  the 
beam  profile.  Experiments  were  also  conducted  to  measure  the  amount  of  attenuation  of  the  laser 
beam  during  the  ignition  of  solid  propellants.  This  was  done  by  mounting  a  small  sample  of 
propellant  on  a  thin  plate  above  the  detector,  cutting  a  1 .5  mm  hole  through  the  propellant  and  the 
plate,  and  aligning  the  hole  with  the  sensing  element.  The  gases  and  particles  evolved  during 
ignition  and  subsequent  combustion  of  the  propellant  attenuated  the  laser  beam  as  it  passed 
through  the  gaseous  plume  and  the  small  hole  in  the  sample  before  being  measured  by  the  sensor. 

The  intensity  measured  by  the  sensor  was  then  used  to  quantify  the  level  of  transmittance  of  the 
beam  through  the  gaseous  plume  to  the  propellant  sample  surface.  Results  are  presented  and 
discussed  for  a  beam  profile  test  and  two  attenuation  tests  performed  on  different  energetic 
materials. 


INTRODUCTION 

Several  researchers  in  the  fieid  of  sol'd  propellant  igni'ion 
and  combustion  have  used  a  high-power  CO,  laser  as  a  ra¬ 
diative  ignition  source. 1-1  For  this  type  of  research,  the  laser 
beam  profile  must  be  relatively  uniform  across  the  propel¬ 
lant  surface.  If  a  nonursiform  profile  exists,  the  ignition  delay 
time  and  the  thermal  wave  propagation  will  be  governed  by 
the  high  intensity  regions,  and  the  assumption  of  a  uniform 
beam  profile  may  lead  to  an  erroneous  ignition  mode!  for  the 
propellant.  Numerous  methods  have  been  employed  in  at¬ 
tempts  to  obtain  a  uniform  beam  profile,  such  as  an  expand¬ 
ing  lens,1  vibrating  mirrors,2  and  kaleidoscopes  and  masks.5 

Another  important  quantity  to  be  considered  it?  analyz¬ 
ing  the  ignition  behavior  is  the  amount  of  attenuation  of  the 
laser  beam  by  the  gases  and  particles  evolved  from  the  pro¬ 
pellant  sample  during  the  ignition  process.  Kashiwagi1 
found  that  there  was  significant  attenuation  of  a  CO,  laser 
beam  by  the  gaseous  piume  in  the  ignition  of  wood  ( red  oak ) 
and  polymethylmethacrylate  (PMMA).  Ohlemiller  et  alf 
studied  dynamic  effects  on  the  ignitability  limits  of  several 
solid  propellants  under  radiative  ignition.  They  found  that 
certain  propellants  extinguished  immediately  after  laser  cut¬ 
off  due  to  the  abrupt  imbalance  in  the  heat  fiuxes  to  and  from 
the  burning  surface.  This  dynamic  extinction  behavior  was 
not  seen  with  propellants  containing  platonizing  catalysts, 
and  they  proposed  that  these  propellants  may  undergo  a 
more  gradual  flux  termination  because  they  produce  gaseous 
product  species  that  absorb  this  wavelength  of  laser  beam 
and  consequently  reduce  the  level  of  the  heat  flux  imbalance 
upon  laser  cutoff.  Thus,  the  effects  oflaser  beam  attenuation 
or.  the  radiative  ignition  of  solid  propellants  must  be  under¬ 
stood  before  a  realistic  model  can  be  developed. 


Akau  et  al!‘  studied  the  effects  oflaser  beam  attenuation 
on  the  weld  penetration  depth  using  a  Nd:Y  AG  laser  to  weld 
four  different  metals.  They  found  that  the  weld  penetration 
increased  significantly  when  the  gaseous  plume  evolved 
from  the  wclGed  surface  was  subjected  to  a  crossflow  of  ar¬ 
gon  gas. 

V ery  few  instruments  are  commercially  available  which 
can  measure  and  profile  the  radiative  intensity  and  the  pat¬ 
tern  of  a  high-power  laser  beam,  and  those  available  are  of¬ 
ten  prohibitively  expensive.  Several  inexpensive  methods 
have  been  reported  for  profiling  a  low-power  laser  beam,7,8 
but  the  detector  dements  employed  usually  cannot  with¬ 
stand  a  high-power  beam 

This  article  describes  an  instrument  that  was  used  to 
profile  a  high-power  laser  beam  and  to  measure  laser  beam 
attenuation  during  radiative  ignition  of  solid  propellants  ana 
solid  fuels.  The  instrument  employs  a  PZT  (lead-zirconate- 
titanate)  detector  element9  as  the  high-energy  beam  sensor. 
Since  thus  element  reacts  only  to  changes  in  incident  intensi¬ 
ty,  the  incoming  beam  is  regulated  by  a  slotted  chopper 
wheel  that  provides  three  intensity  peaks  per  one  revolution 
of  the  wheel.  The  detector  signal  output  is  relayed  to  an  oscil¬ 
loscope  for  display  and  processing.  Ke.  of  the  laser  beam 
profile  and  beam  attenuation  measurements  will  also  be  pre¬ 
sented  and  discussed  to  substantiate  the  usefulness  of  this 
instrument. 


1.  TECHNICAL  DESCRIPTION 

A  schematic  diagram  of  the  laser  beam  profile  and  beam 
attenuation  measuring  instrument  is  displayed  in  Fig.  1  The 
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principal  component  of  the  instrument  is  a  350-1  PZT  laser 
pulse  detector  produced  by  Barnes  Engineering  Company.’ 
The  sensing  element  i«  a  1 .0  mm  square  ceramic  composed  of 
lead,  zireonate.  and  titanate  that  combines  the  characteris¬ 
tics  of  a  high  Curie  temperature  and  high  mechanical 
strength  to  reduce  the  susceptibility  tc  thermal  shock.  Ad¬ 
vantages  of  using  this  detector  include  a  high  energy  capabil¬ 
ity  of  up  to  200  W/ctn1,  a  low  cost  of  about  S100,  and  the 
ability  to  employ  the  detector  at  room  temperature.  Other 
specifications  include  a  very  high  response  speed  of  10  ns 
with  a  50  ft  load  and  a  responsivity  of  1.5/za/W.  The  sensing 
element  is  housed  in  a  TG-5  package  which  is  installed  in  a 
2.7  cm  diamete;  heat  sink  to  enhance  its  high -power  han¬ 
dling  capability.  \  2.5  cm  diameter  potassium  chloi.de  win¬ 
dow,  which  is  97%  transparent  to  the  10.6/tm  wavelength  of 
the  C02  laser,  was  fastened  to  the  top  of  the  heat  sink  to 
protect  the  dement  from  the  gases  and  particles  evolved  dur¬ 
ing  propellant  ignition. 

The  10.0  cm  chopper  wheel  was  made  from  0.2  mm 
thick  stainless-steel  sheet,  and  three  1 .0  cm  square  slots  were 
cut  in  the  outer  edge  with  a  120*  spacing.  The  wheel  was 
bolted  to  a  small  aluminum  hub,  which  was  pressed  on  to  the 
shaft  of  a  1.5-9  V  dc  motor.  The  voltage  input  to  the  motor 
was  fed  through  a  8NC  cable,  which  was  connected  to  a 
small  control  box.  The  control  box  was  powered  by  a  6  V  ac 
adapter  and  contained  an  on/off  switch  and  a  potentiometer 
for  speed  control.  The  6  V  input  and  variable  resistance  al¬ 
lowed  for  speed  control  of  the  chopper  wheel  from 
0-6500  rpm.  The  PZT  signal  output  was  then  relayed 
through  3  8NC  cable  to  a  Nicolet  oscilloscope  for  display, 
processing,  and  storage.  The  entire  setup  was  housed  in  a 
7.5  X 10X 15  cm  instrument  box,  and  a  i.25  cm  hole  was  cut 
in  the  top  for  the  entrance  of  the  laser  beam. 
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For  beam  attenuation  measurements,  a  small  sample  of 
the  solid  propellant  or  solid  fuel,  5  mm  square  by  1  mm 
thick,  was  glued  on  a  plate  that  W2s  fastened  to  two  threaded 
rods  which  extend  above  the  instrument  (Fig.  1 ).  Depend 
ing  upon  the  mechanical  properties  and  sensitivity  of  the 
propellant,  a  1.5  mm  hole  was  either  stamped  or  drilled 
through  the  sample,  and  that  hole  was  aligned  with  the  sens¬ 
ing  element.  For  beam  profile  measurements,  a  thin  metal 
sheet  with  a  0.5  mm  hole  was  fastened  to  the  plate  above  the 
instrument  and  the  hole  was  aligned  with  the  center  of  the 
sensing  element.  Using  this  smaller  aperture  improved  the 
spatial  resolution  for  beam  profiling. 

During  initial  testing  of  the  attenuation  instrument,  the 
small  air  movement  caused  by  the  high  speed  of  the  chopper 
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wheel  disturbed  the  gas-phase  ignition  processes  of  the  pro¬ 
pellant.  A  thin  ali>'  linum  plate  with  a  hole  only  1  mm  larger 
than  the  hole  i  t  thi  propellant  sample  was  then  fastened  to 
the  top  of  the  snstr  ament  bos.  This  eliminated  the  effect  of 
the  air  movement  induced  by  the  chopper  wheel  while  still 
allowing  the  beam  to  pass  through  to  the  sensing  element. 

In  order  to  obtain  the  optimum  signal  pattern  and  spac¬ 
ing  for  ease  of  analysis  of  the  oscilloscope  trace,  the  rise  time 
of  the  detector  was  modified  by  attaching  two  2.2  kfl  resis¬ 
tors  in  parallel  with  the  detector  leads.  This  produced  a  rise 
time  of  200  /as,  which,  in  conjunction  with  the  proper  sam¬ 
pling  rate  setting  of  the  oscilloscope  and  a  chopper  wheel 
speed  of  3300  rpm,  produced  the  pattern  depicted  in  Fig.  2. 
Tests  were  usually  run  with  a  total  oscilloscope  sampling 
time  of  200  ms,  so  the  pattern  in  Fig.  2  is  approximately  1 H 
of  the  usual  trace  that  is  recorded  for  evaluation.  Obviously, 
the  only  point  of  significance  on  each  signal  spike  is  the  peak 
value,  and  the  peak  values  are  used  to  develop  plots  of  beam 
profiles  and  beam  attenuation  curves. 

A  near-infrared  photodiode  was  also  employed  in  the 
attenuation  tests  to  determine  the  time  of  ignition.  Ignition 
was  determined  by  the  point  where  the  photodiode  signal 
rose  very  rapidly,  indicating  intense  light  emission  from  the 
developing  flame.  A  high-speed  Spin  Physics  video  camera 
( 12,000  pps  max. )  in  conjunction  with  a  schheren  flow  visu¬ 
alization  system  was  also  employed  to  visualize  the  flow  of 
the  cases  and  particles  evolved  from  the  propellant  sample 
during  ignition. 

11.  RESULTS  AND  DISCUSSION 
A.  Beam  profiling 

Figure  3  illustrates  a  radial  laser  beam  profile  obtained 
with  the  measuring  instrument.  The  laser  employed  was  a 
high-power  CO.  laser  capable  of  8CO  W  of  power  in  the  con¬ 
tinuous  wave  mode  and  3500  W  in  the  pulsed  mode.  For 
beam  profiling  and  attenuation  tests  using  this  instrument, 
the  laser  was  set  to  produce  a  beam  intensity  of  =200  W/ 
enr,  which  is  the  maximum  intensity  rating  of  the  sensor. 
This  instrument  is  not  capable  of  producing  a  full  profile  of 
the  laser  beam  in  one  test.  However,  intensity  measurements 
along  a  diameter  of  the  beam  can  be  obtained  very  quickly 


Fit..  3.  Axial  profile  of  CO.  laser  beam  (I  =  200  W/cnr). 
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and  then  are  plotted  to  produce  the  profile.  To  profile  the 
beam,  the  instrument  is  first  placed  on  a  precise  X-Y  posi¬ 
tioner.  The  instrument  is  then  centered  by  using  a  short  laser 
pulse  to  bum  a  profile  on  thermal  paper  and  aligning  the 
aperture  with  an  axis  through  the  center  of  this  profile.  The 
intensity  is  then  measured  in  steps  of  0.5  mm  along  this  axis. 
Tests  were  conducted  to  obtain  the  full  circular  profile  of  the 
laser  beam,  and  the  data  showed  the  beam  to  be  axisymmet- 
ric  within  ±5%.  Therefore,  profiles  of  the  beam  in  any  radi¬ 
al  direction  can  be  assumed  to  be  a  relatively  good  represen¬ 
tation  of  the  overall  beam  profile. 

The  instrument  was  used  repeatedly  to  profile  the  beam 
during  tests  conducted  to  obtain  the  most  uniform  beam  pro¬ 
file  using  various  beam-modifying  apparatus,  and  it  is  also 
used  to  recheck  the  beam  profile  periodically.  The  time  re¬ 
quired  ( =  7  min )  to  profile  the  beam  with  this  instrument  in 
comparison  to  real-time  beam  profiling  instruments  was  not 
critical  in  this  research,  and  the  tremendous  financial  sav¬ 
ings  gained  by  using  the  PZT  measuring  instrument  far 
outweighed  the  amount  of  time  required.  The  total  cost  of 
this  instrument  was  less  than  SI 20  as  opposed  to  the  S6000 
price  for  a  real-time,  high-power  laser  beam  profiler. 

In  summary,  although  this  instrument  takes  a  longer 
amount  of  time  to  profile  the  laser  beam  compared  to  the 
direct  result  obtained  with  a  real-time  beam  profiler,  the  tre¬ 
mendous  financial  savings  makes  it  very  attractive  for  re¬ 
searchers  using  a  high-power  laser  who  do  not  need  to  con¬ 
tinuously  measure  the  laser  beam  profile. 

B.  Beam  attenuation  measurements 

Results  of  a  test  run  using  the  measuring  instrument  as  an 
attenuation  tester  are  presented  in  Fig.  4.  The  X  axis  repre¬ 
sents  the  time  elapsed  during  the  ignition  process,  and  the  Y 
axis  represents  the  transmittance  of  the  laser  beam  through 
the  gaseous  ignition  plume,  which  is  given  as  the  ratio  of  the 
intensity  recorded  by  the  sensor  during  the  test  to  the  initial 
beam  intensity.  The  curves  depicted  in  Fig.  4  were  obtained 
during  the  radiative  ignition  of  a  sample  of  an  energetic  co¬ 
polymer  (BAMO/NMMO)  and  a  pyrotechnic  material 
(MTV)  composed  of  =50%  magnesium  particles  and  the 
polymeric  binders  polytetrafluoroethylene  and  Viton  A.  The 


TIME  (m») 

FlC.  4.  Transmittance  of  laser  beam  through  gaseous  plume  during  ignition 
sequence  of  two  energetic  materials  (I  =  !2S  W/cm\  t  =  70  ms). 
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sensor  response  for  the  ignition  of  BAMO/NMMO  shows 
several  fluctuations  during  the  ignition  sequence  and  then 
becomes  relatively  constant  at  a  level  of  about  90%  transmit¬ 
tance.  These  fluctuations  were  caused  by  the  turbulent 
plume  of  pyrolyzed  gases  evolved,  which  was  clearly  seen 
with  the  schlieren  system.  However,  the  intensity  profile  for 
the  ignition  of  the  MTV  sample  shows  that  the  transmit¬ 
tance  of  the  laser  beam  through  the  evolved  gases  and  parti¬ 
cles  to  the  sensor,  dropped  rapidly  to  zero  after  the  sample 
was  ignited.  The  tremendous  difference  in  the  transmittance 
through  the  ignition  plume  for  these  two  samples  is  to  be 
expected  because  of  the  large  amount  of  metal  particles  con¬ 
tained  in  the  MTV  sample.  These  particles  are  ejected  during 
ignition  and  subsequent  combustion  ahd  cause  total  attenu¬ 
ation  of  the  laser  beam. 

In  summary,  the  use  of  this  instrument  provides  data  to 
quantify  the  amount  of  laser  beam  attenuation  during  and 
after  the  ignition  of  energetic  materials,  thus  answering  an 
important  question  often  asked  of  researchers  doing  radia¬ 
tive  ignition  studies. 
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CHAPTERS 

NONINTRUSSVE  FT-IR  DIAGNOSTICS  FOR  SPECIES  AND  TEMPERATURE 
MEASUREMENTS  OF  PRODUCTS  FROM  SOLID  PROPELLANTS 

I.  Introduction 

The  success  of  flame  diagnostics  of  solid  propellant  combustion  has  so  far  been  limited 
due  to  the  extraordinary  experimental  and  theoretical  challenges  that  exist.  For  example,  th© 
stoichiometry  and  flow  rates  of  the  fuel  and  oxidizer  cannot  be  controlled  after  ignition. 
Furthermore,  the  burning  rates  often  are  extremely  high  in  laboratory  settings,  limiting  the 
available  times  for  data  acquisition.  On  the  theoretical  side,  many  current  models  treat  the 
propellant  flame  chemistry  in  a  relatively  limited  way.  The  chemistry  is  represented  by  only  a  set 
of  global  reactions,  and  the  overall  combustion  behavior  is  lumped  into  an  overall  momentum 
and  energy  transport  problem,  which  only  emphasizes  the  thermophysical  behavior.  The 
employment  of  several  global  reactions  however,  leads  to  a  limited  predictive  capability,  because 
the  selection  rules  of  the  appropriate  global  reaction  mechanisms  are  not  well  understood.  Thus, 
it  is  clear  that  much  more  work  is  required. 

Recognizing  the  potential  usefulness  of  Fourier-Transform  infrared  (FT-IR)  spectroscopy 
as  an  important  diagnostic  tool  for  both  condensed  and  gas  phases,  a  rapid-scanning  FT-IR 
spectrometer  (Nicolet  740)  was  acquired  via  ONR’s  support  through  the  DoD-URIP  program.  The 
use  of  such  a  device  should  enable  one  to  perform  both  flame  diagnostics  and  to  increase  the 
data  base  of  radiative  properties  of  substances  that  are  required  in  calculations  of  IR-signatures 
using  advanced  computer  codes. 
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II.  Objectives  of  Work 

The  overall  objective  of  the  work  is  to  deduce  species  concentration  and  temperature 
profiles  of  products  from  the  combustion  of  small  strands  of  solid  propellants  and  fuels,  and 
pyrotechnics  using  the  FT-IR  spectrometer  system.  To  successfully  meet  such  an  overall 
objective,  the  following  specific  objectives  were  devised. 

1.  Design  and  construct  a  transparent  test  chamber  with  optical  access  for  the 
modulated  beam  of  the  spectrometer,  and  with  pressure  and  purge  gas  control. 

2.  Design  and  construct  a  system  for  accurate  control  of  portion  of  burning  surface 
relative  to  line-of-sight  of  modulated  beam  of  spectrometer. 

3.  Design  and  construct  an  enclosure  between  transparent  test  chamber  and 
spectrometer  bench  for  protecting  the  modulated  beam  from  the  interference  of 
HjO,  COa  and  particulates. 

4.  Design  and  construct  a  high  temperature  furnace  (1 30C*K)  which  is  necessary  to 
measure  reference  spectra  of  IR  active  gases,  such  as  COa,  ri,0,  CO,  C„Hn,  etc. 

5.  Design  and  construct  a  small  boiler  which  is  necessary  to  vaporr.a  substances 
that  exist  as  a  liquid  at  S.T.P. 

6.  Assess  the  overall  signal-to-noise  of  spectrometer  system  in  order  to  determine 
the  s>.  alia!  resolution  that  can  be  achieved  in  spatial  profiling  measurements. 

7.  Perform  emission  and  transmission  measurements  on  plume  products  to  assess 
overall  system  performance. 

8.  Perform  emission  and  transmission  profiling  measurements  on  test  samples  of 
particular  Navy  interest. 

Process  and  analyze  data,  and  compare  the  obtained  results  with  results  that 
have  been  obtained  by  other  workers  using  different  measurement  techniques. 


9. 
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Many  of  the  above  mentioned  objectives  have  been  met  since  the  award  of  the  DoD-URIP 
Grant,  which  started  on  February  15, 1989.  The  spectrometer  itself  was  installed  in  the  middle 
of  November,  1939.  in  the  following  sections,  we  shall  present  only  a  short  description  of  the 
setup  of  the  spectrometer  system  and  the  type  of  measurements  that  have  been  conducted;  the 
details  have  been  elaborated  in  the  enclosed  papers  in  the  Appendices  3.1  -  3.3. 

III.  Method  of  Approach 

The  FT-iP  spectrometer,  which  is  the  instrument  that  detects  the  thermal  radiation,  is 
based  on  Michels  on’s  principle  in  that  a  beam  of  radiant  energy  is  first  split  up  by  a  beamsplitter 
into  two  legs  of  an  mterferometer  and  then  recombined  to  form  a  modulated  beam  (Griffiths  and 
de  Haseth,  1986).  fi  transmission  measurements,  the  modulated  beam  is  incident  on  the  test 
sample  and  the  transmitted  component  is  measured  by  a  detector.  In  these  measurements,  the 
radiant  energy  emitted  by  a  biackbody  source  is  used  to  construct  the  modulated  beam,  in 
emission  measurements,  the  emitted  energy  from  a  hot  test  sample  (combustion  products  and 
hot  surface  of  solid  propellant)  is  the  source  of  the  radiant  energy  of  the  modulated  beam  and 
is  measured  by  the  detector.  However,  alt  wavelengths  cannot  be  detected  using  a  single 
detector/beamspiittor  combination;  instead,  it  is  necessary  to  employ  several  different  detectors 
and  beamsplitters  and  repeat  the  experiment.  The  FT-IR  located  in  the  HPCI.  has  the  capability 
of  using  three  different  detectors,  toe  liquid  nitrogen  cooled  mercur/oadmium-tslluride  (MCT) 
detector  covers  the  wayelength  range  between  2  and  20  pm,  the  iead-ssienide  (PbSe)  detector 
covers  1-5  pm,  and  the  silicon  (Si)  detector  covers  0.67-1.1  pm.  Two  different  beamsplitters  aro 
required:  the  KBr  on  a  Ge  substrate  beamsplitter  covers  2-20  pm  and  the  quartz  beamsplitter  that 
covers  0.5-2.5  pm. 

Measurements  using  the  FT-IR  spectrometer  can  be  performed  rapidly  compared  to 
wavelength  dispersive  instruments.  For  example,  at  av  =  4  cm'1  resolution  (A  X  -  0.01  pm  at 
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X  =  5  jim  and  4296  data  points),  which  is  often  sufficient  to  resolve  tine  spectral  line  features  of 
most  combustion  product  gases,  such  as  GQa,  CO,  HC1,  HF,  and  HaO,  measurements  can  be 
performed  repeatedly  at  the  rate  of  300  ms  using  a  double-sided  interferogram.  The 
measurement  time  can  be  reduced  significantly  by  decreasing  the  resolution  to  A  v  =  1 6  cm'1  and 
only  acquiring  single-sided  interferograms;  in  this  case,  the  measurement  time  is  approximately 
50  ms,  but  it  is  doubtful  that  the  spectral  line  features  of  most  diatomic  molecules  can  be 
resolved  with  sufficient  accuracy  unless  the  pressure  broadening  effects  are  significant. 

Currently,  the  FT-IR  spectrometer  system  is  being  employed  to  determine  the  temperature 
and  species  profiles  of  the  products  formed  during  the  combustion  of  a  small  (0.25  inch  diameter, 
1 .25  inches  long)  propellant  strand  within  a  pressure  controlled  windowed  test  chamber  (Klotz 
et  at.,  1 990).  The  overall  schematic  diagram  of  the  experimental  setup  is  shown  in  Fig.  3.1 .  The 
small  strand  is  placed  on  a  pedestal  within  the  windowed  test  chamber  and  ignited  by  using 
electrical  resistance  heating  of  a  nichrome  wire,  which  is  inserted  into  the  top  of  the  propellant 
strand.  Since  the  regression  of  propeliant  surface  changes  the  measurement  location  relative 
to  the  instantaneous  propellant  surface,  it  is  necessary  to  fix  the  position  of  the  burning  surface 
relative  to  the  measurement  line-of-sight  ioeaticn  of  the  modulated  beam  generated  by  the  FT-iR 
spectrometer.  Such  position  control  is  achieved  by  using  a  He-Ne  laser,  a  photodiode,  a 
programmable  linear  actuator  and  a  PC  in  a  closed  loop  feedback  system  with  proportioning- 
integral-derivative  (P!D)  control.  This  position  control  system  has  worked  very  well  for  aii  the 
propeiiants  that  have  been  tested  in  our  laboratory.  The  experimental  setup  is  capable  of 
measuring  either  the  emitted  IR  energy  from  or  the  transmitted  IR  energy  through  the  combustion 
products  at  a  spatial  resolution  to  within  lOOjim.  The  optica!  setup  is  shown  in  Fig.  3,2.  To  our 
knowledge,  it  is  the  only  setup  of  an  FT-iR  spectrometer  system  that  has  a  demonstrated 
capability  to  perform  such  experiments.  Since  the  pyrolysis  and/or  final  products  may  contain 
more  than  one  phase,  it  is  important  to  have  the  capability  to  perform  both  emission  and 
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Schematic  diagram  of  experimental  setup  for  combustion,  product  studies  in  transparent 
chamber  using  the  FT-iR. 
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Fig.  3.2  Overall  Schematic  Drawing  Showing  the  FT-IR  Spectrometer  and  tR  Beam  Path 
from  Blackbody  Source,  Through  Test  Rig  (Transmission  Measurement)  to 
Spectrometer  for  Modulation  and  Detection. 


transmission  measurements.  The  importance  of  having  such  a  capability  is  revealed  during  a 
comparison  of  measured  spectra  of  combustion  products  from  a  standard  solid  propelh 
discussed  in  the  following  section. 

iV.  Discussion  of  Results 

A.  Emission  and  Transmission  Measurements 

Figures  3.3  and  3.4  show  the  spectral  emisslvity  and  transmissivity,  respectively,  of 
AP/HTPB  as  a  resuit  of  coaddition  of  sixteen  spectra.  The  data  were  taken  at  a  2cm'1  resolution 
with  the  FT-IR  operating  in  the  rapid  scan  mode  (approximately  0.5  sec/spectra),  with  triangular 
apodization  and  with  phase  correction11.  The  measurement  conditions  were  as  follows:  the 
strand  was  approximately  6mm  in  diameter,  the  center  of  the  line-of-sight  measurement  location 
was  approximately  30  mm  above  the  burning  surface,  and  the  diameter  of  the  spot  size  was 
about  10  mm.  Inspection  of  the  video  recording  shows  luminous  combustion  products  of 
approximately  40mm  in  diameter  and  that  the  combustion  is  somewhat  unsteady  at  1  atm 
pressure.  Examination  of  Fig.  3.3  reveals  the  following.  First,  the  achievable  signal-to-noise  is 
extremely  high.  This  is  most  noticeable  in  the  4500  -  4000  cm'1  region  where  we  observe  no 
emitting  species.  Second,  there  appears  to  be  almost  no  soot  formation.  The  emission  from 
scot  is  continuous  and  proportional  to  v,  which  should  reveal  itself  as  a  slightly  decreasing 
continuous  broadband  which  is  absent  in  this  figure.  Finally,  many  characteristic  infrared  bands 
from  the  combustion  products  are  clearly  shown  (Herzberg,  1968). 

The  strongest  infrared  emission  bands  are  readily  identified  as  C02,  H20,  HCI,  CO  and 
fragments  of  HTPB.  The  carbon  dioxide  has  four  strong  absorption  bands  (at  room  temperature), 
these  are  located  at  3716,  3609,  2349  and  667  cm'1  corresponding  to  the  (v,+Vj),  (2va  +  vj, 
v3  and  Vj  vibrational  modes,  respectively.  The  carbon  dioxide  molecule  also  has  two  hot  bands, 
located  at  961  and  1064  cm'1  corresponding  to  the  v3-v,  and  2v2-v,  vibrational  modes. 
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Fig.  3.3  Results  of  16  coadded  emission  spectra  c*.  AP/HTPB  evaluated 
according  to  Eq.  (2)  with  Tp  -  1500K 


Fig.  3,4  Result  of  1 6  coadded  transmission  spectra  of  AP/HTPB  evaluated 
according  to  Eq.  (3). 
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respectively,  but  these  are  either  too  weak  or  overlapped  due  to  emission  bands  of  HTPB 
fragments  occurring  at  these  spectral  locations.  In  addition,  the  strong  C02  band  located  at  2349 
cm'1  also  reveals  some  self  absorption  effects  on  the  longer  wavenumber  side.  This  is  possibly 
due  to  recirculating  C02  within  the  windowed  test  chamber  or  residua!  C02  present  in  the 
otherwise  well-purged  path  to  and  within  the  spectrometer. 

The  spectrum  shown  in  Fig.  3.3  also  reveals  water  vapor  emission  bands  centered  at  3750 
and  1600  cm''  and  the  pure  rotational  band  continuing  its  emission  beyond  the  500  cm'1  artoff 
of  the  ZnSe  windows  and  MCT  detector.  Although  the  water  vapor  shows  an  extremely  fine  line 
structure,  the  2  cm'1  resolution  appears  to  reveal  the  presence  of  water  vapor  quite  well. 

Two  diatomic  molecules  also  reveal  their  infrared  spectra,  namely  HCI  and  CO.  Only  the 
fundamental  bands  are  clearly  shown  here,  that  is  the  v„  centered  at  2869  cm'1  for  HCI  and  2143 
cm'1  for  CO.  The  fact  that  both  of  these  bands  do  not  significantly  overlap  the  strong  C02  band 
centered  at  2349  cm'1  or  any  of  the  water  vapor  bands  is  extremely  important  for  concentration 
and  temperature  measurements. 

Finally,  thermal  fragments  of  the  HTPB  (as  various  hydrocarbons)  also  appear  in  the 
figure.  Fragments  of  the  HTPB  are  tentatively  assigned  to  the  1400-1200  cm'1  region,  possibly 
as  various  CH„  and  C2HR  groups.  It  is  evident,  however,  that  high  temperature  reference  spectra 
of  the  various  molecular  species  must  be  measured  before  firm  assignments  can  be  made. 

Comparison  of  Fig.  3.4  with  Fig.  3.3  reveals  that  there  are  certain  spectral  regions  that  do 
not  exhibit  a  similar  spectral  behavior  as  expected,  since  one  should  expect  the  combustion  to 
be  complete  within  the  focal  spot  of  the  modulated  beam.  This  is  apparently  not  true  and  we 
attribute  the  observed  results  to  the  presence  of  a  two-phase  mixture.  That  is,  AP  particles 
emerge  from  the  surface  region  and  do  not  completely  pyrolyze  before  they  enter  the  iine-of-sight 
region  of  the  FT-IR.  During  pyrolysis,  the  particles  and  the  decomposed  gases  are  relatively  cold 
and  do  not  show  up  in  the  emission  spectra.  However,  the  presence  of  such  particles  is 
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revealed  by  both  the  continuous  absorption  band;  a  firm  assignment  of  the  strong  vibration- 
rotation  band  centered  near  3300  cnry1  cannot  be  made  however. 

B.  Sianal-to-Noise  Analysis  of  High-Pressure  Combustion 

it  is  well  known  that  the  achievable  signa!-to-noise  ratios  (SNRs)  of  FT-IR  spectrometers 
can  be  much  higher  than  the  corresponding  SNR  of  wavelength  dispersive  instruments.  To  date, 
however,  no  analysis  has  been  made  on  the  effect  of  achievable  SNR  on  the  desired  temperature 
and  species  profiling  accuracy  of  high-pressure  solid  propeliant  combustion.  A  high  spatial 
resolution  is  required  in  order  to  resolve  the  changes  in  species  concentration  and  temperature 
in  the  vicinity  of  a  propellant  surface.  From  such  extremely  useful  measurements,  Important 
information  on  the  complex  propellant  pyrolysis  and  combustion  chemistry  will  be  obtained.  For 
example,  th8  CARS  technique  (Siuffiebeam  arid  Eckbrelh,  1989)  has  employed  a  200  pm 
diameter  and  3  mm  long  probe  volume  in  high-pressure  combustion  diagnostics. 

To  estimate  the  achievable  SNRs,  in  which  the  noise  is  simply  related  to  the  detector 
noise,  we  follow  th8  approach  originally  developed  by  Mattson  (1978).  According  to  a 
modification  of  his  development,  which  is  shown  in  the  enclosed  Appendix  8  and  verified 
experimentally,  the  SNR  at  a  given  wavenumber  v  (SNRr)  can  be  estimated  from  the  expression 

SNRV  =  C(1-8xp'T’)U7)  6^  M 

where  C  is  a  constant  that  depends  upon  many  factors  including,  among  others,  the  type  of 
detector  used,  optical  throughput  of  system,  and  wavenumber  resolution;  (1-  exp  ")  l„,(T)  is  the 
spectral  radiant  intensity  emitted  by  the  combustion  products  (Ozisik,  1973),  t,  is  the  optical 
depth  and  depends  on  the  type  of  gas  considered,  4,(7)  is  the  Planck  function  for  blackbody 
emission,  and  8*  is  the  slit  height  which  controls  the  spatial  resolution.  In  order  to  determine 
the  SNR  using  this  expression,  it  is  necessary  to  determine  the  constant  from  experiments  and 
to  select  an  appropriate  wavenumber  and  the  type  of  gas  considered.  First,  we  select  a 
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wavenumber  v=24C0  cm*1,  which  should  lie  somewhere  in  between  the  anticipated  maximum  of 
biackbody  emission  and  maximum  specific  detectivity  of  the  MCT  detector.  Near  this 
wavenumber  region,  there  should  be  several  significant  emission/absorption  bands  from 
numerous  decomposition  and  equilibrium  combustion  products  of  various  propellants.  Since  the 
radiative  properties  of  CO.  are  well-known,  we  select  this  molecule  for  the  SNR  calculations, 
although  it  may  not  be  present  in  significant  quantities  (<10%)  in  the  combustion  products  near 
the  burning  surface.  The  optical  depth  is  readily  estimated  using  Edwards’  well-established 
exponential  wide-band  models  (Edwards,  1 976)  and  further  discussed  in  Appendix  3.2. 

Figure  3.5  shows  the  SNRs  that  are  expected  to  be  obtained  in  emission  measurements 
of  combustion  products  containing  COs  for  three  different  temperatures,  a  slit  height  of  100  pm 
and  a  siit  width  of  6  mm.  Inspection  of  this  figure  reveals  that  for  a  plume  depth  L=0.006  m,  a 
total  pressure  p=450  psia  (30  atm),  and  a  concentration  XCQ?=10%,  the  estimated  SNRs  are  on 
the  order  of  500  to  800  at  temperatures  relevant  to  propellant  combustion.  At  the  higher  partial 
pressure  path-lengths,  the  opticaliy  thick  limit  is  approached  and  biackbody  emission  obtained. 
Thus  the  SNRs  becomes  independent  of  the  partial  pressure  path-length,  if  the  slit  height  is 
doubled  or  tripled,  then  the  predicted  SNRs  also  double  or  triple  in  magnitude.  Hence, 
temperature  and  species  profiling  of  combustion  products  from  solid  propellants  burning  at 
realistic  pressures  should  be  possible.  We  believe  that  this  conclusion  is  of  utmost  importance 
for  our  planned  future  work  on  the  continued  development  of  the  FT-IR  spectrometry  as  a 
diagnostic  tool  for  solid  propellant  pyrolysis  and  combustion. 

The  results  shown  in  Fig.  3.5  are  not  unexpected,  since  FT-iRs  have  been  employed  to 
deduce  temperatures  and  species  concentrations  on  the  effluents  from  smoke  stacks,  whose 
temperatures  were  relatively  low  (Herget,  1982).  The  approach  for  deducing  temperatures  from 
emission  measurements  of  the  hot  bands  of  C02  located  near  10  pm  has  also  been  studied  in 
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Fig.  3.5 


SNR  at  different  temperatures  at  a  slit  height  of  100  pm. 


laboratory  settings  (Gross  and  Griffiths,  1988a,b).  In  addition,  K  should  be  noted  that  the  above 
value  of  SNR  is  the  RMS  value;  the  peak-to-peak  value  is  approximately  5  times  larger. 


326 


C.  A  New  Approach  to  Fiame  Spreading  Measurements 

The  previously  described  FT-IR  spectrometer  system  has  also  been  employed  for  the 
development  of  a  new  approach  for  the  measurement  of  flame  spreading  over  solid  propellant 
surfaces.  Traditionally,  such  measurements  have  been  extremely  difficult  to  perform  using  fuse 
wires,  thin-filrn  flux  gauges,  or  motion  picture  cameras.  The  use  of  standard  video  techniques 
is  also  problematic  due  to  the  strong  luminosity  of  soot  arid  burning  metal  particles  and  emission 
of  photons  during  electronic  transitions  within  radicals.  A  short  description  of  the  technique  is 
described  next,  with  the  details  elaborated  in  the  attached  Appendix  3.3. 

The  technique  is  based  on  the  assumption  that  the  emission  characteristics  of  a  burning 
surface  is  very  much  different  than  the  emission  characteristics  of  the  corresponding  equilibrium 
products.  To  evaluate  this  assumption,  a  test  matrix  involving  four  different  cases  of  emission 
measurements  was  devised  and  is  illustrated  in  Fig.  3.6.  Case  1  corresponds  to  the  situation 
when  only  emission  from  equilibrium  products  is  detected,  Case  2  when  omission  from  both 
equilibrium  products  and  the  burning  surface  are  detected,  Case  3  when  emission  from  the 
burning  surface  alone  is  detected,  and  Case  4  when  emission  from  the  cold  surface  is  detected. 
Figure  3.7  illustrates  the  MCT  spectral  detector  response  for  these  four  cases  of  an  Al/AP/KTPB 
(18%  Ai)  propellant.  Examination  of  the  results  shown  in  Fig.  3.7  reveals  that  the  emission 
characteristics  within  the  4500  to  2400  cm'1  wavenumber  range  is  significantly  different  (stronger) 
between  the  ignited  and  the  unignited  surfaces,  although  the  surface  is  subject  to  a  cross-flow 
of  equilibrium  combustion  products  from  the  solid  propellant  Based  on  this  result,  it  Is 
suggested  that  standard  lead-selenide  detectors  be  employed  for  such  measurements.  The 
recorded  output  voltage  from  such  a  detector  should  change  by  about  an  order  of  magnitude 
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Rg.  3.6  Experimental  Setup  of  Propellant  Strands  within  Windowed  Test 
Chamberfor  Conducting  Emission  Measurements  Simulating  Flame 
Spread. 


Rg.  3.7  MCT  Detector  Responses  due  to  Emission  According  to  Ca$e3 1 , 
2,  3  and  4. 
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once  the  surface  has  ignited.  In  addition,  other  propellants  have  also  been  tested  in  our 
laboratory,  but  the  conclusions  reached  are  the  same. 

V.  Conclusions 

A  brief  summary  of  the  major  conclusions  of  the  study  involving  measurements  using  the 
FT-IR  spectrometer  system  and  modeling  of  radiation  is  given  below. 

•  A  unique  FT-IR  spectrometer  system  has  been  established  which  is  capable  of  performing 
simultaneous  emission  and  transmission  measurements  of  products  from  the  combustion 
of  solid  fuels,  solid  propellants,  and  pyrotechnics. 

•  High-quality  emission  and  transmission  spectra  have  been  obtained  and  used  to 
determine  the  temperature  and  species  concentration  of  combustion  products.  To 
authors  knowledge,  this  is  the  first  attempt  to  use  FT-IR  spectroscopy  to  perform  such 
measurements  on  combustion  products  from  solid  propellants. 

•  A  recently  completed  study  at  The  Pennsylvania  State  University  has  shown  that  FT-IR 
emission  spectroscopy  can  be  performed  at  a  spatial  resolution  to  within  100  pm  with  a 
signal-to-noise  ratio  of  more  than  1000  at  the  high  pressures  of  solid  propellant 
combustion. 

•  From  our  pioneering  work  using  the  FT-IR  spectrometer  system,  a  new  approach  to  the 
measurement  of  flame  spreading  over  solid  propellant  surfaces  has  been  established 
through  a  feasibility  study. 

•  Many  reference  spectra  of  !R  active  gases  at  high  temperatures  and  at  high  spectral 
resolutions  were  obtained.  These  measurements  are  not  only  an  integral  part  of  our 
experimental  effort,  but  also  provide  Important  input  to  data  bases  of  computer  codes  that 
predict  iR-signature  as  well  as  for  model  validation  of  gaseous  flame-zone  reactions  with 


finite-rate  kinetics. 
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•  A  multi-dimensional,  axisymmetric  radiation  code  including  the  effects  of  absorbing, 
emitting  and  anisotropically  scattering  constituents,  has  been  formulated  and  solved  using 
exact  techniques  This  is  the  first  code  available  which  has  this  capability. 

•  The  first  fundamental  results  on  the  effects  of  scattering  have  shown  that  it  is  possible  to 
either  enhance  or  inhibit  the  spectral  piume  emission.  Tnis  could  have  a  tactical  value 
to  the  U.S.  Navy. 
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Analysis  of  Plumes  of  Solid  Propellant 
Combustion  Using  an 
FT-IR  Spectrometer 

S.  Kiotz,*S.T.  Thyneil,*  I.-T.  Huang*,  and  K.K,  Kuo* 


Abstract 

A  Fourier  Transform-Infrared  (FT-IR)  spectrometer 
has  been  setup  to  study  the  combustion  products  of 
various  solid  propellants.  The  overall  objective  of  the 
work  is  to  perform  radiation  measurements  using  a 
rapid  scanning  Ff-IR  on  combustion  products  evolved 
from  burning  a  small  strand  in  a  windowed  test  cham¬ 
ber.  The  windowed  test  chamber  is  equipped  with  a 
computer  controlled  linear  actuator,  which  is  employed 
to  fix  the  vertical  position  of  the  burning  surface  so  that 
steady  state  emission  and  transmission/absorption  mea¬ 
surements  can  be  made  u;  ing  the  spectrometer.  Several 
experiments  have  b'  ...a  to  test  the  setup  and  op¬ 
eration  of  the  system  The  setup  has  operated  reliably 
for  propellants  which  ignite  and  burn  under  few  at¬ 
mospheric  pressure  eruditions.  Results  presented  here 
include  emission  and  transmission  spectra  of  a  typi¬ 
cal  heterogeneous  AP/HTPB  propellant  and  a  homo¬ 
geneous  NOSOL  363  triple-base  propellant. 


Nomenclature 

Ibv  PJanck  function  (W/mzcm~*  sr) 

IbgV  background  intensity  {W/m2  cm~2  sr) 

I„  intensity  ( W/tn 2  cm- 1  sr) 

I, t;  blackbody  source  intensity  (W/m2cm~l  sr) 

lop  incident  intensity  (W/m2  cm-1  sr) 

Tref  temperature  of  blackbody  source  (I<) 

Tp  temperature  of  combustion  ptoducts  (J() 

instrument  response  function 
tjr  spectral  emissivily 

rjr  spectral  transmissivity 

aj 7  spectral  absorptivity 

V  wavenumber  (cm-1) 

AV  wavenumber  resolution  (cm-1) 
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Introduction 

The  detailed  combustion  chemistry  and  radiative  prop¬ 
erty  determination  of  plumes  from  solid  propellant 
combustion  are  topics  of  strong  current  interest1’2. 
There  are  several  reasons  for  such  interest.  First,  the 
understanding  of  structure  and  reaction  mechanisms  of 
solid  propellant  flames  is  limited  at  present.  For  exam¬ 
ple,  the  chemistry  of  nitrogen  in  flames  is  one  area  that 
requires  further  research  to  overcome  the  discrepancies 
between  modelling  prediction  and  experimental  results. 
The  modelling  efforts  of  propellant  performance  and 
combustion  instability  should  benefit  significantly  from 
a  much  improved  understanding  of  the  nitrogen  chem¬ 
istry, 

Second,  the  determination  of  radiative  properties  is 
required  for  the  estimation  of  species  concentration  and 
temperatures  using  laser  and/or  IR  based  techniques,  as 
well  as  for  model  validation  of  codes  that  compute  IR 
signatures.  Furthermore,  radiative  heat  transfer  could 
play  an  important  role  in  the  burning  of  aluminized 
composite  solid  propellants  as  the  temperatures  are 
extremely  high.  In  related  areas,  a  knowledge  of  radia¬ 
tive  properties  is  critical  to  proper  modelling  of  heat 
transfer  to  insulator  and  nozzle  surfaces  in  solid  rocket 
motors3,  the  analysis  of  radiative  heat  transfer  back 
to  burning  propellant  surface4,  and  spectrally  selec¬ 
tive  absorption  of  radiation  by  particles  influences  the 
melting  and  agglomeration  of  aluminum  at  the  surface 
of  the  propellant5.  Consequently,  a  significant  effort 
has  been  devoted  to  the  development  of  both  intrusive 
and  nonintrusive  techniques  that  offer  the  possibility  of 
measuring  the  species  concentrations  and  temperatures. 

Among  the  intrusive  methods,  thermocouples  and 
probes  repiesent  the  classical  measurement  techniques 
for  the.  study  of  combustion  of  solid  propellants  and 
fuels.  Some  examples  include  miciothermocouples 
to  measure  plume  temperatures  and  thermal  wave 
penetrations6,  and  sampling  probes  to  determine  parti¬ 
cle  size  distributions  and  concentrations7.  However, 


to  obtain  in  a  highly  spatially  and  temporally  re¬ 
solved  manner  the  species  concentration  and  temper¬ 
ature  profiles,  a  significant  effort  has  been  focussed 
on  the  development  of  laser  based  techniques.  Ex¬ 
amples  of  such  include,  among  others,  laser-inducea- 
fiuorescence8*9  (LIF),  and  coherent  anti-Stokes  Raman 
scattering  (CARS)'0.  However,  laser  based  techniques 
have  a  few  disadvantages.  First,  these  techniques  cannot 
be  applied  to  highly  dense  systems,  that  is,  to  combus¬ 
tion  products  containing  a  significant  amount  of  partic¬ 
ulate  matter;  second,  only  a  few  species  are  measured, 
unless  a  wide  variety  of  lasers  are  used  simultaneously; 
third,  the  use  of  LIF  methods  to  systems  containing 
particulate  matter  is  questionable;  and,  fourth,  light 
scattering  techniques  requires  a  prior  knowledge  of  ra¬ 
diative  properties  of  the  scattering  constituents.  Con¬ 
sequently,  there  is  a  need  to  continue  the  development 
of  nonintrusive  diagnostic  techniques. 

To  fulfill  such  a  need,  the  combustion  group  at  The 
Pennsylvania  State  University  (PSU)  has  incorporated 
the  use  of  a  rapid  scanning  FT-IR  (Fourier  trans¬ 
form  infrared)  spectrometer  for  species  and  temperature 
measurements  on  combustion  products  of  solid  propel¬ 
lants  and  fuels,  and  pyrotechnics.  The  FT-IR  oflers  sev¬ 
eral  important  advantages  over  laser  based  techniques. 
First,  it  measures  simultaneously  the  thermal  radiation 
over  a  broad  range  of  wavelengths  (wavelength  range 
limited  by  a  combination  of  the  detector  response  and 
beamsplitter  transmittance);  second,  it  can  be  applied 
to  optically  dense  systems;  third,  very  high  signai-to- 
noise  ratios  arc  achievable;  and  fourth,  data  processing 
of  interferograms  is  extremely  rapid  and  data  can  be 
displayed  almost  instantly.  Nevertheless,  there  are  two 
disadvantages  of  using  the  FT-IR;  one  is  its  long  mea¬ 
surement  time  (~50  ms  @  16cm-1  resolution)  and  the 
other  is  the  line-of-sight  approach. 

The  objectives  of  this  work  are  to  describe  the  details 
of  the  experimental  setup  and  to  present  a  preliminary 
analysis  of  the  measured  spectra.  Specifically,  the  de¬ 
sign  of  a  transparent  test  chamber,  with  accurate  control 
of  chamber  pressure  and  position  of  burning  surface  of 
propellant  strand  are  discussed.  Representative  emis¬ 
sion  and  transmission  spectra  obtained  from  the  FT-IR 
spectrometer  are  presented. 


Experimental  Setup 

A  schematic  diagram  of  the  overoli  setup  is  shown  in 
Fig.  1.  As  shown  in  this  figure,  the  setup  consists  of 
two  major  components:  a  windowed  test  chamber  and 
FT-IR  spectrometer.  These  two  major  components  are 


set  up  separately  and  then  integrated  to  function  simul¬ 
taneously  in  a  given  experiment.  Of  the  two  computers 
required,  one  computer  is  an  integral  component  of  the 
FT-IR  system  and  is  used  to  communicate  commands 
to  the  spectrometer  bench,  and  to  receive  and  display 
information  from  the  spectrometer.  'The  second,  an 
IBM  compatible  computer  (P/C),  is  used  to  control 
other  non-FT-IR  functional  components,  such  as  pres¬ 
sure  control,  position  control,  etc.  The  use  of  these 
two  components,  their  overall  operation  and  interfacing, 
and  the  setup  lor  emission  and  tkansmissicn/absorbtion 
measurements  are  discussed  below.  In  addition,  since 
the  theory  of  FT-IR  spectroscopy  is  wed-established, 
interested  readers  are  referred  to  the  appropriate  texts 
on  ihis  topic51. 


Windowed  Test  Chamber 

The  propellant  strand  is  burned  in  a  30cm  x  30cm  x 
30cm  transparent,  2.54cm  thick  plexiglass  combustion 
chamber  capable  r.f  operating  between  vacuum  and 
about  2  atmospheres.  The  strand  is  placed  in  the 
center  of  the  chamber  on  a  platform  which  delivers  a 
purge  gas  up  and  around  the  burning  sample,  thereby 
ternoving  the  combustion  products.  Addi';onaliy,  the 
horizontal  position  (perpendicular  to  !inc-of-sigki)  of 
the.  sample  is  controlled  accurately  by  manual  adjust¬ 
ment  of  a  micrometer  to  preselect  propellant  s' rand 
position.  The  chamber  is  fitted  with  two  special  optics 
holders,  shown  in  Fig.  2,  (one  each  on  opposite  sides 
of  the  chamber)  which  protect  the  beam  path  from  1R 
active  gases  and  particulates  recirculating  in  between 
the  sample  and  the  chamber  walls,  and  hold  the  zinc- 
selenide  windows  in  place.  Between  the  chamber  and 
the  spectrometer,  radiant  energy  is  routed  through  a  se¬ 
ries  of  external  fiat  and  parabolic  mirrors  all  of  which 
are  enclosed  in  a  sealed  and  purged  path. 

The  test  stand  is  also  configured  with  a  linear  actu¬ 
ator  which  is  attached  to  the  bottom  of  the  chamber 
so  that  its  stroke  arm  extends  up  through  the  base 
of  the  chamber.  The  use  of  a  laser  and  pho'odiode, 
which  are  interfaced  by  means  of  an  IBM  compati¬ 
ble  computer  with  the  actuator,  enables  us  to  control 
the  position  of  the  burning  surface.  As  the  sample 
burns  down  below  the  linc-of-sight  established  by  the 
laser/photodiode  setup,  the  photodiode  senses  the  laser 
energy’.  This  process  is  scanned  by  the  data  acquisi¬ 
tion  board  (DAS- 16)  within  the  computer.  When  the 
photodiode  energy  reading  reaches  a  certain  level  (Indi¬ 
cating  the  propellant  burning  surface  v  s  receded),  the 
computer  simultaneously  sends  a  movement  command 
strirg  to  the  actuator  controller,  which  results  in  an 
upward  movement  of  the  platform  and  therefore  the 
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Fig.  1.  Schematic  diagram  of  experimental  setup  for  combustion  product  studfes  in  transparent  test  chamber 
using  the  FT-IR. 
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Fig.  2.  Close  up  view  of  the  propellant  strand  located  within  transparent  test  chamber. 
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sample  burning  surface.  This  entire  process  provides 
a  closed  feedback  system  for  maintaining  the  burning 
surface  at  a  fixed  position  in  order  to  achieve  desired 
spectroscopic  measurements.  Furthermore,  the  con¬ 
troller  of  the  actuator  can  also  be  programmed  to  feed 
the  sampie  at  a  predetermined  rate  so  that  the  vertical 
species  profile  above  the  sample  surface  can  be  mea¬ 
sured.  A  similar  system  was  used  by  Goetz  and  Mann12. 
It  should  be  noted  that  for  combustible  strands  con¬ 
taining  significant  amounts  of  particulate  matter,  the 
laser  beam  cannot  penetrate  the  combustion  products 
and,  therefore,  the  lased-based  positioning  system  is  not 
suitable.  In  addition  to  the  closed  loop  feedback  posi¬ 
tioning  system,  the  test  rig  includes  an  exhaust/pressure 
control  system  and  thermocouple  temperature  measure¬ 
ment  devices  (both  controlled  by  the  DAS- 16  board  in 
the  computer),  and  ignition  control  devices. 


ignition  and  the  apparent  plume  intensity  Jp-  is  mea¬ 
sured  during  combustion.  Finally,  the  plume  emissivity 
is  given  by 


= 


r  r 


(2) 


where  Ty  is  the  plume  temperature  and  must  be  known. 
At  this  stage,  it  is  appropriate  to  make  two  comments 
regarding  the  use  of  F.q.(2).  First,  the  instrument 
response  function  should  be  measured  at  a  temperature 
of  the  blackbody  source  that  is  relatively  dose  to  the 
temperature  of  the  combustion  products.  The  reason 
for  this  is  related  to  the  slight  nonlinearity  of  the  highly 
sensitive  MCT-A  detectors.  Second,  the  temperature  of 
the  combustion  products  should  be  uniform  along  the 
line-of-sight  of  measurement.  This  is  most  likely  the 
case  in  the  combustion  of  propellant  strands  in  inert 
environments. 


Emission  Measurements 

In  emission  measurements,  the  emitted  radiant  energy 
from  the  combustion  products  is  measured.  These  types 
of  measurements  are  particularly  useful  for  the  determi¬ 
nation  of  the  temperature  of  the  combustion  products. 
Figure  3  shows  the  emission  measurement  setup.  The 
radiant  energy  emitted  from  the  combustion  products  of 
the  burning  propellant  strand  travels  from  the  cham¬ 
ber  along  the  optical  path  indicated  and  enters  the 
rear  port  of  the  spectrometer.  With  the  removable  flat 
mirror  in  place,  the  beam  passes  through  the  beam¬ 
splitter  (B/S),  is  modulated  by  the  interferometer,  and 
is  directed  onto  the  detector  module  mounted  inside 
the  spectrometer.  Three  detector  modules  are  avail¬ 
able:  a  liquid  Nj  cooled  MCT-A  detector  for  m:d-IR 
range,  and  PbSe  and  silicon  detectors  for  near-to  mid- 
IR  ranges.  Detector  and  beamsplitter  (KBr  or  quartz) 
combinations  determine  the  appropriate  wavenumber 
ranges  covered. 

To  determine  the  emissivity  of  the  combustion  prod¬ 
ucts,  it  is  necessary  to  know  the  instrument  response 
function.  The  instrument  response  function  accounts 
for  the  reduction  of  the  1R  signal  from  the  plume 
due  to  mirrors,  optical  windows,  interferometer  com¬ 
ponents,  iris,  detector  response,  etc  If  the  measured 
radiant  intensity  due  to  a  blackbody  source  at  tem¬ 
perature  Trjf  is  denoted  by  then  the  instrument 
response  function  W.y  is  computed  from 


where  /ip(Tre f)  is  the  Planck  Junction  and  calculated 
by  software.  To  determine  the  plume  emissivity  cv,  the 
background  intensity  must  be  measured  prior  to 


Transmission/Absorption  Measurements 

In  transmission/absorption  measurements,  a  continuum 
spectrum  of  radiant  energy  (from  a  blackbody  source) 
is  incident  on  the  combustion  products.  These  types 
oi  measurements  represent  the  standard  approach  for 
species  concentration  measurement?.  Figure  4  shows 
the  optical  measurement  setup.  In  this  case,  the  remov¬ 
able  detectoi  is  placed  next  to  the  combustion  cham¬ 
ber.  Additionally,  the  removable  flat  mirror  of  Fig.  3 
is  removed.  F.nergy  from  a  blackbody  source  within 
the  spectrometer  is  passed  through  the  beamsplitter 
modulator  and  a  flipper  mirror,  and  then  directed  out 
through  the  second  external  port.  With  the  electron¬ 
ically  controlled  external  flipper  mirror  moved  out  of 
the  path  (therefore  not  shown  in  the  figure),  the  beam 
is  directed  through  the  plume  of  the  propelbnt  strand 
and  out  of  the  chamber  onto  the  detector  on  the  op¬ 
posite  side  of  the  chamber.  If  Iq^  denotes  the  incident 
intensity,  the  transmissivity  is  determined  as 


where  Iy  is  the  transmitted  intensity.  For  a  participat¬ 
ing  medium  which  contains  no  scattering  constituents, 
the  spectral  absorptivity  is 

Cry  =  1  -  rjr.  (4) 

Discussion  of  Results 

Background  on  Interpretation  of  IR  Spectra 

The  combustion  chemistry  of  solid  propellants  is  ex¬ 
tremely  complex  and  in  genera!  not  weil  understood. 
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One  of  the  reasons  for  lack  of  understanding  of  the 
combustion  process  is  related  to  the  fact  that  the  pro¬ 
pellant  contains  complex  molecules  for  both  binder  ma¬ 
terials  and  oxidizers.  As  a  result  of  the  complex  nature 
of  solid  propellant  ingredients,  a  wide  variety  of  chem¬ 
ical  species  are  present  in  the  flame  zone.  Also,  it 
is  extremely  difficult  to  ascertain  the  molecular  struc¬ 
ture  of  the  pyrolyzing  species  as  they  leave  the  solid 
surface,  the  heterogeneous  reactions  on  the  burning 
surface,  the  gas-phase  reaction  mechanism  with  nume- 
rious  paths,  and  the  diffusion  of  chemical  species  in 
the  flame  zone.  Furthermore,  solid-propellant  flame 
structure  can  aiso  be  strongly  affected  by  the  opei- 
ating  conditions,  such  as  pressure  variation  and  Row 
field  structure.  In  addition,  a  significant  fraction  of  the 
combustion  products  are  1R  active. 

Before  proceeding  to  the  interpretation  of  iR  spec¬ 
tra  of  gases,  however,  it  is  important  to  mention  that 
reference  absorption  spectra,  which  have  been  mea¬ 
sured  at  room  temperatures,  are  in  general  not  similar 
to  the  emission  spectra  measured  at  elevated  temper¬ 
atures.  The  consequent  of  this  difference  is  that  an 
application  of  the  Kirchhoff  law  may  not  be  completely 
correct.  There  are  two  primary  reasons  for  this  effect. 
First,  at  elevated  temperatures,  it  is  known  that  higher 
vibrational  states  are  populated,  resulting  in  a  band 
broadening,  in  the  case  of  the  strong  CO2  band  lo¬ 
cated  at  2349  cm"1,  the  broadening  shows  up  on  the 
smaller  wavenumber  side  Second,  self-absorption  of 
emitted  energy  produces  a  reduction  in  the  observed 
emission  spectra  on  the  longer  wavenumber  side.  Thus, 
it  is  difficult  to  employ  commercially  available  absorp¬ 
tion  spectra  over  the  temperature  and  pressure  ranges 
for  plume  measurement  applications,  and  the  task  of 
analyzing  IR  spectra  is  difficult:  the  emitting  species 
types  may  not  be  exactly  known  and  small  band  shifts 
may  have  occurred  due  to  instrumental  effects  of  the 
FT-IR.  It  would  be  desirable  to  establish  a  data  bank 
of  the  emission/absorption  behavior  of  IR  active  gases 
at  high  temperatures.  Such  effort  is  extremely  tedious 
to  perform  since  the  radiative  behavior  of  a  molecule 
is  not  only  a  function  of  temperature  and  pressure,  but 
to  some  extent  of  the  type  of  molecules  with  which 
it  interacts.  Nonetheless,  such  effort  is  currently  in 
progress  at  the  High  Pressure  Combustion  Lal*oratory 
of  PSU. 

Several  experiments  have  beer,  run  to  test  the  setup 
and  operation  of  the  system.  Results  have  been 
obtainei  for  ammonium  percnloratcAydroxyl  termi¬ 
nated  polybutadser.e  (AP/HTPB)  and  ratro-cellulose 
based  uropellants,  such  as  NOSOL-363,  including  video 
reccr*.  mg  of  the  burning  event.  Some  specific  resuits 
determined  from  emission  and  transmisslon/absorption 


measurements  of  AP/HTPB  and  NOSOL-363  propel¬ 
lants  are  presented. 


Use  of  Laser  Based  Positioning  System 

Examination  of  sequential  emission  spectra  reveals  the 
capability  of  'he  laser  based  positioning  system  to  ad¬ 
equately  fix  the  position  of  the  burning  surface.  Fig¬ 
ure  5  shows  four  sequential  AP/HTPB  emission  spec¬ 
tra  measured  at  2cm"1  resolution  with  the  FT-IR 
operating  in  the  rapid  scan  mode  (approximately  0.5 
sec/spectra),  with  triangular  apodization  and  with  phase 
correction”.  The  measurement  conditions  wete  as  fol¬ 
lows:  the  strand  was  approximately  6mm  in  diameter, 
the  center  of  the  linc-of-sight  measurement  location 
was  approximately  30  mm  above  the  burning  surface, 
and  the  diameter  of  the  spot  size  was  about  10  mm. 
Inspection  of  the  video  recording  shows  luminous  com¬ 
bustion  products  of  approximately  40mm  in  diameter 
and  that  the  combustion  is  somewhat  unsteady  at  I 
atrn  pressure.  Examination  of  this  figure  reveals  a  small 
variation  between  the  four  spectra.  We  believe  that  this 
variation  is  most  likely  due.  to  the  observed  unsteadi¬ 
ness  in  the.  burning,  which  is  commonly  observed  in  low 
pressure  situations.  Overall,  the  laser  based  positioning 
system  h3S  aiso  adequately  controlled  the  location  0: 
the  burning  surface  of  other  relatively  particuiate-free 
propellants  tested  at  PSU. 


Emissivity  and  Transmissivity  of  AP/JI7P5 

Figure  6  shows  the  spectral  emissivity  of  AP/HTPB  as 
a  result  of  coaddition  of  sixteen  spectia;  ihe  data  used 
come'.  from  the  same  measuiements  as  described  in  the 
preceeding  paragraph  for  Fig.  5.  Examination  of  this 
figure  reveals  the  following.  Fust,  the  achievable  signal- 
to-noise  is  extremely  high.  This  is  must  noticable  in  the 
4500  -  4000  cm"1  region  where  we  observe  no  emitting 
species.  Second,  there  appears  to  be  almost  no  soot 
formation.  The  emission  from  soot  is  continuous  and 
proportional  to  u,  which  should  reveal  itself  as  a  slightly 
decreasing  continuous  broadband  which  is  absent  in  this 
figure.  Finally,  many  characteristic  Infrared  bands  frorr. 
the  combustion  products  are  clearly  shown13. 

The  strongest  infrared  emission  bauds  are  readily 
identified  as  CO2,  HjO,  HQ.  CO  and  fragments  of 
HTTP.  The  carbon  dioxide  has  four  strong  absorption 
bands  (at  room  temperature),  these  are  located  at  3716, 
3609,  2349  and  667  cm-1  corresponding  to  the  (tq  4  v 3), 
{2^2  +  tq)-  "3  2nd  to  vibrational  modes,  respectively. 
The  carbon  dioxide  molecule  also  has  two  "hot"  bards, 
located  at  961  and  1064  cut'1  corresponding  to  the 
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Fig.  5.  Four  sequential  background  subtracted  emission  spectra  of  AP /HTPB 
combustion  products. 
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Fig.  6.  Result  of  16  coadded  emission  spectra  of  AP/HTPB  evaluated  accord 
ing  to  Eq.  (2)  with  Tp  =  1500/C. 
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Fig.  7.  Result  of  16  coadded  transmission  spectra  of  AP/HTPB  evaluated  ac 
cording  to  F-q.  (3). 
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Fig.  8.  Result  of  16  coadded  emission  spectra  of  NOSOL-363  evaluated  ac¬ 
cording  to  Eq.  (2)  with  T,  ~  1500/f . 


Fig.  9.  Result  of  18  coadded  emission  spectra  of  NOSOL-363  evaluated  ac¬ 
cording  to  Eq.  (3). 
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Abstract 

Solid  propellant  combustion  studies  at  high  pressures  (500-50,000  psi)  must  be  con¬ 
ducted  with  a  high  spatial  resolution  in  order  to  resolve  the  species  concentration  and  flame 
temperature  profiles.  Such  studies  are  often  performed  in  specifically  designed  experimen¬ 
tal  facilities,  including  chimney  type  strand  burners.  To  successfully  carry  out  FT-IR 
emission  spectrometry  of  products  from  the  combustion  of  small  propellant  strands,  it  is 
required  to  perform  a  critical  assessment  of  the  achievable  signal-to-noise  ratios  (SNR). 
In  this  work,  an  analytical  expression  for  the  SNR  of  FT-IR  emission  spectrometry  lim¬ 
ited  to  detector  noise  has  been  derived.  The  expression  is  specifically  applied  for  the  i/3 
fundamental  band  of  CO2  and  in  the  optically  thick  limit  verified  by  experiments.  The 
results  from  the  application  of  the  theory  show  that  a  spatial  resolution  on  the  order  of 
100  fim  should  yield  SNRs  of  1000  or  larger  at  the  center  of  the  considered  band  for  the 
anticipated  temperatures  of  high  pressure  solid  propellant  combustion.  Measurements  of 
emission  spectra  of  combustion  products  of  a  homogeneous  solid  propellant,  NOSOL-363, 
has  also  been  performed  at  one  atmosphere  total  pressure  to  show  that  a  1000  /rm  spatial 
resolution  may  be  sufficient  to  deduce  species  concentrations  and  temperature. 

Index  Heading:  Fourier  Transform  Infrared  Emission  Spectroscopy;  High  Pressure;  Ana¬ 
lytical  Methods 
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Research  on  solid  propellant  combustion  has  been  actively  pursued  during  the  past 
several  decades,  and  many  of  the  important  findings  have  been  compiled  in  a  document 
edited  by  Kuo  and  Summerfield. 1  Since  then,  numerous  diagnostic  techniques  have  further 
been  advanced  and  applied  to  investigate  the  complex  chemical  kinetics  of  solid  propellant 
combustion.  To  date,  such  investigations  appear  to  have  had  a  limited  success  in  resolving 
species  concentration  and  temperature  profiles  within  the  combustion  products.  However, 
to  conduct  studies  in  conditions  simulating  rocket  motors  or  gun  chambers  is  extremely 
difficult  due  to  the  high  pressures  (500-50,000  psi),  high  temperatures  (to  3500  K),  and 
short  time  scale  of  the  overall  event  (down  to  milliseconds).  The  analysis  may  further  be 
complicated  by  the  observed  fact  that  the  flame  zone  is  very  thin  (  <  100  (.an  in  some 
cases),  thus  requiring  spatially  precise  measurement  techniques  for  obtaining  species  and 
temperature  profiles.  Consequently,  a  significant  effort  has  been  devoted  to  the  develop¬ 
ment  of  both  intrusive  and  nonintrusive  techniques.  Usually,  intrusive  measurements  may 
have  shortcomings,  including:  (1)  the  introduction  of  disturbances  in  the  medium;  (2)  the 
consumption  of  the  probe  itself  within  the  hostile  environment;  and  (3)  a  poor  temporal 
response  and  limited  spatial  resolution.  Optical  techniques  nave  the  capability  of  over¬ 
coming  these  limitations  and  offer  the  greatest  potential  for  application  to  solid  propellant 
combustion. 

Of  the  optical  methods,  laser-based  diagnostics  have  been  an  area  of  intensive  research. 
The  coherent  anti-Stokes  Raman  scattering  (CARS),  laser-induced  fluorescence  (LIF)  and 
planar  laser-induced  fluorescence  (PLIF)  techniques  have  received  considerable  amount  of 
attention.  The  CARS  2  approach  is  capable  of  making  instantaneous  and  spatially  precise 
measurement  of  temperatures  and  species  concentrations  in  high  pressure  environments. 
However,  only  a  few  species  can  be  measured  simultaneously  due  to  the  limited  wavelength 
range  of  the  tunable  laser  source  unless  several  lasers  with  different  ranges  are  used.  The 
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LIF3  technique  is  very  sensitive  and  is  frequently  used  to  measure  the  fiame  radicals  which 
are  present  in  very  low  concentrations.  The  PLIF4  method  is  simply  the  case  in  which  the 
laser  beam  is  expanded  into  a  thin  sheet.  The  distribution  of  the  selected  radical  concen¬ 
tration  over  the  cutting  surface  of  the  laser  sheet  can  be  mapped  out  in  a  single  laser  shot. 
Both  LIF  and  PLIF  techniques  identify  only  one  species  at  a  time,  and  the  species  must 
have  an  absorption  wavelength  accessible  to  the  tunable  laser  source.  Also,  both  methods 
suffer  from  a  quenching  problem  which  reduces  the  quantity  of  the  fluorescence  and  makes 
the  quantitative  analysis  difficult  especially  at  the  higher  pressures.2  Consequently,  there 
is  a  need  to  continue  the  development  of  nonintrusive  diagnostic  techniques. 

Fourier  transform  infrared  (FT-IR)  spectrometry  has  been  employed  for  studies  in 
numerous  areas  of  science  and  engineering.  The  major  advantages  offered  by  the  FT-IR 
spectrometry  include:  (1)  the  thermal  radiation  can  be  measured  over  a  broad  spectral 
range  simultaneously;  (2)  relatively  high  signal-to-noise  ratios  can  be  achieved;  and  (3) 
data  processing  is  rapid.  All  these  advantages  indicate  that  FT-IR  spectrometry  could 
be  a  highly  potential  technique  for  high  pressure  solid  propellant  combustion  diagnostics. 
There  are  many  works  available  in  the  literature  that  have  used  FT-IR  spectrometry  as  a 
diagnostic  tool  for  solid  propellant  pyrolysis/combustion  or  flame  emission  studies.  Exam¬ 
ples  of  such  works  include,  among  others,  thermal  decomposition  of  energetic  materials,5 
thermal  fragmentation  of  organic  compounds,6  solid  propellant  performance  studies,7  and 
a  preliminary  analysis  of  plume  products  of  solid  propellant  combustion. 8 

To  apply  FT-IR  spectrometry  for  measuring  radiant  energy  emitted  from  or  trans¬ 
mitted  through  the  products  of  high  pressure  solid  propellant  combustion,  the  difficulties, 
some  of  which  were  mentioned  above,  associated  with  the  measurements  must  be  identi¬ 
fied.  First,  it  is  necessary  to  design  and  construct  a  vessel  (strand  burner)  that  safely  can 
withstand  high  pressures  (to  5,000  ps:),  that  has  optical  access  in  several  directions,  and 
that  allows  for  control  of  the  position  of  the  burning  surface.  Second,  the  measurements 


should  allow  a  spatial  resolution  to  within  approximately  100  /m:  in  order  to  resolve  the 
flame  zone.  Third,  the  data  must  be  acquired  within  a  short  time  period  (typically  the 
event  lasts  <  10  seconds).  In  view  of  these  concerns,  it  is  clear  that  one  should  address  and 
try  to  estimate  the  achievable  signal-to-noise  ratios  (SNR)  prior  to  commencing  a  study  on 
high  pressure  solid  propellant  combustion.  There  are  three  objectives  of  this  study.  First, 
an  analytical  expression  of  tne  SNR  anticipated  within  the  v$  fundamental  band  of  CO2 
is  developed.  Second,  the  unknown  constant  appearing  in  this  expression  is  determined 
from  experiments.  Finally,  results  are  presented  that  can  be  used  to  estimate  the  SNR  of 
emission  measurements  that  must  be  performed  at  a.  required  spatial  resolution  given  that 
approximate  values  of  the  partial  pressure  of  CO2  and  gas  temperature  are  available 

EXPERIMENTAL  SETUP 

A  schematic  diagram  of  the  overall  setup  used  to  conduct  the  emission  measurements 
is  shown  in  Fig.  1.  As  shown  in  this  figure,  the  setup  consists  of  two  major  components: 
a  Nicoiet  740  FT-IR  spectrometer  and  a  transparent  test  chamber  capable  of  operating 
at  low  pressures  (<  1.5  atmospheres).  For  FT-IR  diagnostics,  the  burning  surface  of  the 
propellant  must  often  be  kept  at  a  certain  level.  Tc  fulfill  this  requirement,  a  closed- 
loop  positioning  system  is  employed  to  elevate  the  solid  propellant  strand  as  it  burns 
down.  The  principal  components  of  the  system  inciuue  a  40-mW  He-Ne  laser  (Spectra- 
Physics  Model  145),  whose  beam  propagates  through  the  products  slightly  above  the  solid 
propellant  strand  surface,  a  photodiode  detector  with  a  narrow  band  filter  (Oriel,  G- 
527-6328)  sensing  the  laser  energy,  a  data  acquisition  board  (MetraByte  Model  DAS-15) 
within  personal  computer  (Proteus  Model  386/25MX)  receiving  signal  from  the  detector, 
and  a  controller  receiving  commands  from  the  P/C  and  activating  a  linear  motor  which 
is  attached  to  the  bottom  of  the  test  sample  mount.  The  positioning  algorithm  (with 
proportional-integral-derivative  control)  is  devised  to  keep  a  fraction  of  the  laser  beam 
blocked  by  the  propellant  strand  ar.d  the  remaining  fraction  detected  by  the  photodiode. 
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In  general,  the  positioning  system  keeps  the  burning  surface  of  the  solid  propellant  strand 
more  or  less  at  a  fixed  level  relative  to  the  collection  volume  of  the  optical  path  of  the 
FT-IR  system.  In  addition  to  the  closed-loop  positioning  system,  the  control  system  is 
also  integrated  with  a  pressure  transducer  and  a  demodulator  to  keep  the  transparent  test 
chamber  pressure  at  a  constant  level. 

Figure  2  shows  the  optical  layout  of  the  beam  path  for  the  emission  measurement.  The 
radiant  energy  emitted  from  the  products  of  the  burning  solid  propellant  strand  travels 
along  the  path  indicated  from  the  transparent  test  chamber  to  the  FT-IR  spectrometer. 
Two  IS-inch  focal-length.,  3-in~h  diameter,  gold  coated  spherical  minors  (Edmund  Scien¬ 
tific  Model  32831)  are  used  to  collect  IR  energy  from  the  plume  over  a  collection  area 
whose  size  is  approximately  identical  to  the  size  of  the  rectangular  slit  of  the  iris.  It  is 
realized  that  the  optical  beam  diverges  along  the  beam  path.  In  order  to  get  a  stronger  de¬ 
tector  signal  from  the  plume,  a  4-inch  focal-length,  2-inch  diameter,  gold  coated  spherical 
mirror  (Edmund  Model  22816)  is  placed  after  the  slit  to  condense  the  optical  beam  since 
the  Nicolet  740  is  equipped  with  a  l.-inch  diameter  interferometer.  Inside  the  spectrome¬ 
ter,  the  combinations  of  two  beamsplitters  (Quartz  and  Ge  on  KBr)  and  three  detectors 
(Silicon,  PbSe  and  liquid  nitrogen  cooled  MCT-A)  determine  the  spectral  range  covered. 
A  ZnSe  window  is  installed  at  the  optical  port  of  the  transparent  test  chamber  To  avoid 
the  effects  of  IX2O,  CO2  and  particulates  along  the  beam  path,  the  external  mirrors  are 
enclosed  in  a  sealed  box.  The  FT-IR  spectrometer  and  the  sealed  box  are  purged  with  dry 
air  from  a  H2O  and  CO2  filtration  system  (Balston  Type  75-60). 

SNR  -  THEORY  OF  ESTIMATION 

The  following  analysis  assumes  that  the  detector  noise  is  the  significant  source  of 
noise.  Other  sources  of  noise  such  as  digitization  noise,  sampling  noise,  folding  effects  and 
fluctuation  noise,  are  assumed  to  be  small  compared  with  the  detector  noise.  The  SNR  of 
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an  IR  detector  is  defined  as  the  ratio  of  the  signal  voltage  to  the  root  mean  square  (RMS) 
noise  voltage.  A  practical  expression  of  SNR  have  been  developed  by  Mattson,0  and  it 
can  be  expressed  as10 


OD*  tmi 

SNR  «  > . ,  (1) 

A  D* 

where  D*  is  the  specific  detectivity  of  the  detector  (cmHz»  /W),  tm  is  the  total  measure¬ 
ment  time  (sec),  and  Ac  is  the  active  area  of  the  detector  (cm2).  The  radiant  energy 
incident  on  the  detector  area  Q  (W)  within  wavenumber  interval  Ai'  (spectral  resolution) 
is  given  by 


Q  =  !„  e  i  &v  ,  (2) 

where  I„  is  the  spectral  intensity  of  the  emission  source  (W/cm2  srcin"1),  9  is  the  optical 
throughput  (cm2  sr),  and  £  is  the  overall  system  efficiency.  Substitution  of  Eq.  (2)  into 
Eq.  (1)  yields 


SNR  = 


6  £  Ay  D* 


Ad  j 


(3) 


In  order  to  evaluate  the  spectral  intensity  of  the  source,  which  is  a  result  of  emission 
from  the  hot  products  within  the  plume,  we  treat  the  plume  as  an  isothermal  emitter  with 
uniform  concentration  of  gaseous  species  along  the  Ime-of-sigt f.  Neglecting  the  scattering 
effect,  a  solution  to  the  radiative  transport  problem  yields11 


Jv  =  Ii/,b  [  1  -  exp  (  ~kv  l  )  ] 


(*) 


where  I„tb  is  the  Planck  function  of  biackbody  emission,  kv  is  the  spectral  absorption 
coefficient,  aud  L  is  the  physical  plume  thickness.  The  product  of  kv  and  L  is  the  spectral 
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optica*  depth,  and  it  is  a  function  of  wavenumber  gas  composition,  pressure,  temperature 
and  phuae  thickness.  It  is  beyond  the  scope  of  this  work  to  estimate  the  SNR  for  ail 
wavenumbers,  lusteau  •»  selec4  to  carefully  analyze  the  SNR  for  one  wavenumber  located 
within  the  1/3  funda^.-m'al  band  002-  The  reasons  for  selecting  this  band  include: 
(1)  it  is  a  very  active  jand  .  ~ead.iiy  detected,  (2)  it  lies  away  from  the  spectral 

region  w'here  maximun.  /  .ssion  at  typical  flame  temperature  occurs  (>  6000 

cm"1)  and  where  maximum  detector  detectivity  is  located  (near  1000  cm"1  for  a  typical 
wide  band  MCT  detector),  and  (3)  the  high- temperature  behavior  of  thi-.  r  and  is  well- 
studied.  It  should  be  noted,  however,  that  near  or  below  the  flame  zon  'X  the  most 
significant  emission  may  not  be  due  to  the  CO2  molecule.  In  this  work,  which  emphasizes 
an  approximate  analysis,  we  employ  the  data  developed  by  Edwards. 12 

From  the  previous  work  of  Edwards, 12  the  optical  depth  at  band  head  of  an  IR  active 
specie  at  high  pressure  can  be  approximated  by 


=  kv  L 


ao  p  L 

OJQ 


(5) 


where  ao,  />  and  <oq  represent  the  integrated  band  intensity,  density  of  the  absorbing  gas  and 
bandwidth  parameter,  respectively.  The  values  due  to  Edwards12  of  the  v 3  fundamental 
band  of  C02  of  ao  and  u>0  are  adopted.  Applying  perfect  gas  law  for  the  gas  mixture  the 
Eq.  (5)  becomes 


_  ao  [  To  1  *  P  Xco,  - 
cuo  1  T  J  R  T 


(6) 


where  P  is  the  absolute  test  chamber  pressure,  T  is  the  absolute  gas  temperature,  Xco*  is 
the  mole  fraction  of  CO?  and  R  is  the  gas  constant.  Substitution  of  Eqs.  (4)  and  (6)  into 
Eq.  (3)  yields  the  SNR  at  4.42  /im  given  by 
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SNR  =  It/,b  |  1  -  exp 


f  or0  (  T0  \  *  P  Xcoj  ,  1  )  f  0  £  Ai/  D*  tm$ 

r^VTJ  “rtTN/I - 


(7) 


The  parameters  in  the  second  bracket  on  the  right  hand  side  of  Eq.  (7)  are  associated  with 
the  experimental  setup  and  sampling  parameters,  and  they  are  independent  of  the  test 
conditions  in  the  chamber  such  as  pressure,  gas  temperature  and  mixture  composition.  It 
is  assumed  that  the  optical  throughput  is  limited  by  the  area  of  the  slit  and  the  18  inches 
focal  length  of  the  spherical  mirror  We  denote  the  optical  throughput  with  the  symbol 
0s!it)  which  is  equal  to  the  product  of  the  solid  angle  of  the  IR  beam  focusing  on  the  slit, 
dwjiu,  and  the  slit  area,  Asijt.  The  slit  area  can  be  changed  as  desired.  Thus 


^slit  —  A,nt  du>3m  , 

where  dov.u  can  be  roughly  approximated  by  the  ratio  of  the  area  of  the  spherical  mirror  to 
the  square  of  the  focal  length  of  the  spherical  mirror.  All  the  other  unknowns  in  the  bracket 
can  be  described  by  a  single  parameter,  C,  provided  that  the  same  experimental  setup  and 
sampling  parameters  are  used.  The  value  of  C  is  determined  from  the  experimental  results 
for  different  slit  sizes  and  is  expected  to  be  close  to  a  constant. 

The  burning  rate  of  solid  propellant  strands  is  in  general  quite  high,  and  it  typically 
increases  with  increasing  pressure.  The  quarter-inch-diameter,  two-inch -long  propellant 
strand  used  in  this  work  took  abouf  ten  seconds  i.c  bum  out  in  a  nitrogen  environment 
at  one  atmosphere.  Thus,  practically  there  is  a  short  mea-sureme;.,  period  of  time,  about 
seven  seconds,  after  the  transient  ignition  eve.nt  and  before  the  complete  combustion  of 
the  propellant  strand.  Within  the  available  measurement  period  of  time,  it  is  desirable  to 
perform  emission/absorption  measurement  at  several  positions  above  the  burning  surface 
of  the  propellant.  Thus,  the  number  of  spectra  that  can  be  taken  is  limited.  With  our 
spectrometer,  it  is  possible  to  take  fr>ur  spectra  within  approximately  1.25  seconds  at  4 


cm-1  resolution.  The  SNR  of  the  4  coadded  spectra  at  4.42  fim  is  evaluated  by  the  ratio 
of  I  to  AI,  where  I  and  AI  are  the  arithmetic  average  intensity  and  the  root-mean- square 
error  of  experimental  results,  respectively.  By  employing  a  standard  bla.ck.body  source 
(Infrared  Industries,  Inc.  Model  463-1),  the  constant  C  is  determined  from 


C  = 


SNR 

0s!it  lb  ( 4.42  /im,  1273  K )  * 


Once  C  is  obtained,  Eq.  (7)  can  be  rewritten  as 


(8) 


SNR  =  C  I„,  b  6aiit  |  1  -  exp 


(9) 


RESULTS  AND  DISCUSSION 

In  this  study,  a  liquid  nitrogen  cooled  MCT-A  detector  and  a  Ge  on  KBr  beamsplitter 
were  employed.  All  measurements  were  made  in  the  rapid-scanning  mode  with  4  crn-1 
resolution.  A  triangular  apodization  function  was  used  and  phase  corrected  real  edgorithm 
was  applied  for  the  phase  correction.  None  of  the  spectra  were  corrected  for  the  background 
emission  or  instrument  response.  In  order  to  determine  the  effect  of  the  spatial  resolution 
on  the  constant  C,  measurements  were  performed  that  involved  10  different  slit  heights 
ranging  from  0.1  mm  to  1  mm  and  a  constant  6  mm  slit  width.  For  each  slit  height,  25 
spectra  (4  files/spectrum)  were  obtained,  and  I  and  AI  of  the  25  readings  at  4.42  /tm  were 
calculated.  In  order  to  * "  •’mate  inconsistent  data  points,  it  was  assumed  that  the  25  data 
points  for  each  slit  he  {  eyed  a  normal  distribution  and  ail  the  data  points  outside 
I  ±  3AI  weie  elimi.o  ite  .  a  result,  one  reading  for  0.5  mm  and  0.9  mm  slit  heights., 
respectively,  was  removed  and  not  inciuded  in  the  final  calculation  of  I  and  AI. 


Input  Parameters*  In  the  theoretical  calculations  of  the  constant  C,  each  pa¬ 
rameter  in  Eq.  (3)  required  an  input  value.  To  be  consistent  with  the  experimental  results. 
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the  Pianck  function  at  4.42  pm  and  1273  K  replaced  I„  and  %\u  replaced  0  In  estimating 
£,  the  rule-of-thumb  value  of  spectrometer  efficiency  of  10%  was  reduced  by  accounting  for 
the  60%  transmittance  of  the  quarter-inch- thick  ZnSe  window,  The  resulting  value  of  £  = 
0.06  wa3  further  reduced  by  a  factor  of  two,  to  account  for  the  inefficiencies  of  the  external 
mirrois;  i.e.,  the  use  of  spherics!  mirror  as  opposed  to  parabolic  mirrors.  Hence,  the  value 
of  £  =  0.03  was  employed.  The  value  of  Lv  —  1.929  cm-1 ,  wliich  is  one-half  the  calculated 
resolution  since  the  Nyquist  sampling  criteria  of  two  data  points  per  resolution  element  is 
satisfied.  The  D*  of  the  detector  at  4.42  cm-1  is  approximated  by  a  typical  value,  1  x  1010 
cm  W7S  W-1.  As  it  is  difficult  to  estimate  the  actual  speed  of  the  moving  mirror  during 
data  acquisition  processes,  the  measurement  time  used  in  the  theoretical,  calculations  was 
obtained  from  the  FT-IR  software  program.  It  was  about  0.32  second,  which  includes  the 
elapsed  time  from  the  start  of  data  collection  to  the  end  for  one  scan  plus  the  time  required 
to  write  the  data  onto  the  permanent  storage  area.  The  time  required  for  data  transfer 
is  relative  short  compared  with  the  time  required  for  data  acquisition;  thus  the  error  in 
theoretical  calculation  introduced  by  this  parameter  is  expected  to  be  small.  Therefor*, 
the  total  measurement  time  tm  is  1,25  seconds.  The  detector  area  Ad  is  0.01  cm2. 

Determination  of  SNR  and  C  using  Blackbody  Source.  Figure  3  shows 
the  results  of  SNRs  obtained  from  experiments  and  theory  using  the  values  of  the  various 
parameters  described  above.  Inspection  of  this  figure  reveals  that  the  theory  overestimates 
the  experiments  by  about  a  factor  of  five  and  the  experimentally  determined  SNRs  iang° 
from  150  to  1950  for  slit  heights  of  0.1  mm  and  1  mm,  respectively.  This  discrepancy  is 
expected,  since  measurements  of  the  actual  detector  sensitivity  and  mirror  reflectivities 
have  not  been  performed  due  to  the  lack  of  appropriate  equipment.  Furthermore,  the 
overall  trend  of  the  experimentally  determined  value  of  SNR  follow  that  of  the  theory. 
However,  the  experimental  values  exhibit  a  slight  oscillation.  The  oscillations  of  the  ex¬ 
perimentally  determined  SNR  are  related  to.  (1)  error  ir.  measurements  of  the  slit  height, 
and  (2)  misalignment  of  the  center  of  the  slit  rectangular  area  along  the  beam  path. 
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The  values  of  C,  determined  from  the  experimental  SNR  via  Eq.  (8),  are  shown  in 
Fig.  4.  It  is  noted  that  the  parameter  C  is  a  function  of  the  overall  efficiency,  characteristics 
of  the  detector  and  sampling  parameters.  It  is  expected  to  be  close  to  a  constant  regardless 
of  the  slit  size.  Due  to  the  oscillation  of  the  experimental  SNR,  nevertheless,  the  deviations 
of  the  value  of  C  at  different  slit  size  from  the  average  value  are  unavoidable.  Therefore, 
an  average  value  of  C  equal  to  1.205  x  109  is  employed  in  the  following  calculation. 

Predicted  SNR.  From  Eq.  (9),  the  value  of  the  SNR  of  4  coadded  spectra  at  4.42 
pm  can  be  estimated  provided  that  information  of  T,  P,  Xco , ,  and  L  are  given.  Typical 
temperatures  of  solid  propellant  combustion  are  in  the  range  of  2000  to  3500  K.  Figures  5 
show  the  expected  SNRs  versus  the  partial  pressure  path  length  (PXcojL)  for  a  given 
temperature  of  our  experimental  setup  over  a  broad  range  of  experimental  conditions  at 
three  different  slit  heights.  However,  the  gaseous  emission  for  the  'longer  oartial  pressure 
path  lengths  approaches  that  of  a  blackbody  and  as  a  result  the  calculated  values  of  SNR 
levels  out.  Examination  of  these  figures  reveal  that  the  predicted  SNRs  are  quite  high- 
Even  for  a  slit  height  of  100  pm,  which  should  be  sufficient  to  resolve  the  flame  zone  at  the 
high  pressures  (1000  psi)  where  temperatures  are  2500  K  are  observed,  the  SNR  shown  in 
Fig.  5c  approaches  1000  in  the  optically  thick  case  and  T  =  3000  K. 

The  obvious  question  that  results  from  the  predicted  values  shown  in  Figs.  5,  is: 
What  SNRs  axe  required  in  order  to  employ  the  emission  spectra  for  species  concentration 
and  temperature  measurements  on  the  products  from  high  pressure  solid  propellant  com¬ 
bustion?  This  question  is  difficult  to  answer,  because  it  depends  on  the  approach  that  is 
employed.  For  example,  Gross  and  Griffiths12  employed  a  spectral  line  ratio  technique  to 
accurately  deduce  the  temperature  of  a  CO2  gas  using  the  hot  band  near-  10  pm.  In  their 
work,  an  SNR  of  approximately  12  was  sufficient  due  to  the  fact  that  32  lines  were  used  in 
the  data  reduction  procedure.  At  the  higher  pressures  of  solid  propellant  combustion,  it  is 
questionable  if  this  technique  can  be  applied,  since  significant  overlapping  of  the  spectral 
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lines  may  occur  due  to  pressure  broadening  effects.  A  more  likely  approach  is  to  employ 
band  ratio  techniques. l4  According  to  this  technique,  the  ratio  of  two  bands  is  employed 
to  deduced  the  species  concentration  and  temperature.  Since  many  different  bands  can  be 
employed,  it  could  be  analogous  the  spectral  line  ratio  technique.  To  be  conservative,  re¬ 
sults  of  species  concentration  and  temperatures  of  sufficient  accuracy  for  most  engineering 
application  should  be  obtainable  if  the  SN  Rs  of  the  emission  spectra  axe  on  the  order  of 
500  or  better.  If  that  is  the  case,  then  a  spatial  resolution  100  }im  appears  to  be  achievable. 
It  should  be  pointed  out  that  the  use  of  parabolic  mirrors  instead  of  the  spherical  mirrors 
should  offer  the  possibility  further  improving  the  SNR.  The  following  discussion  of  results 
attempts  to  illustrate  the  following:  (1)  to  estimate  the  SNRs  expected  to  be  obtained  in 
emission  measurements  of  products  from  the  combustion  of  specific  solid  propellants  at 
high  pressures,  and  (2)  to  show  the  type  of  emission  spectra  that  are  easily  measured  in 
our  low  pressure  transparent  test  chamber. 

Predicted  SNR  of  High  Pressure  Solid  Propellant  Combustion.  In  order 
to  predict  the  SNRs  of  emission  measurements  on  products  from  combustion  of  specific 
solid  propellants,  it  is  necessary  to  obtain  reasonably  accuiate  values  of  the  species  con¬ 
centration  and  the  flame  temperature.  To  obtain  such  values,  we  employ  the  CET86 16 
Chemical  Equilibrium  Transport  Code.  The  output  from  this  code  includes  the  adiabatic 
flaine  temperature  and  the  equilibrium  mole  fractions.  Although  the  code  includes  a  wide 
variety  of  chemical  species,  numerous  assumptions  were  incorporated  into  its  development. 
First,  the  code  development  does  not  consider  heat  losses  by  convection  and  radiation,  and 
turbulent  mixing  effects  between  the  edge  of  the  flame  zone  and  the  purge  gas.  Second, 
only  the  equilibrium  species  are  determined.  Finally,  the  pressure  deflagration  limit  (PDL) 
is  not  accounted  for.  Since  the  PDL  is  typically  on  the  order  of  10  atm  for  the  propel¬ 
lants  considered  in  this  work,  steady  burning  at  1  atm  cannot  be  achieved.  For  example, 
NOSOL-363  is  observed  to  exhibit  a  fizz-burning  mode  at  1  atm  in  a  nitrogen  purged  en¬ 
vironment.  To  obtain  a  steady,  luminous  flame  zone  at  1  atm  for  N050L-363,  an  oxidizer 
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rich  purge  gas  must  be  employed,  but  uniform  species  concentratic  n  and  temperature  along 
the  measurement  line-of-sight  cannot  be  obtained. 

Table  1  shows  the  results  from  calculations  using  the  CET8(  > 16  Chemical  Equilibrium 
Transport  Code.  Inspection  of  the  results  reveals  several  interesting  features.  First,  the 
adiabatic  flame  temperatures  range  from  about  2150  to  3300K.  Second,  the  flame  temper¬ 
ature  and  final  products  are  essentially  independent  of  pressure  However,  it  is  well  known 
that  the  pathways  of  the  chemical  reactions  are  highly  deperdent  upon  pressure.  As  a 
result,  the  predicted  signed- to-noise  ratios  are  for  all  practical  purposes  only  dependent  on 
pressure  for  a  given  propellant.  Third,  CO2  is  not  the  dominant  equilibrium  product;  CO 
and  K2O  constitute  in  most  cases  more  than  SOproduct  spefies.  Significant  fractions  of 
N2  and  H2  are  also  formed  for  the  M30  triple -base  and  XM39  nitramine  propellants.  N2, 
which  is  generally  considered  as  an  IR  inactive  species,  coild  reveal  itself  at  the  higher 
pressures  (p  >  50  atm)  due  to  a  collision  induced  absorption  band. 17  Finally,  the  esti¬ 
mated  SNRs  for  the  considered  100  fm  slit  are  in  all  cases  except  one  much  greater  than 
5G0  for  the  larger  pressures  (p  >  10  atm).  Thus,  in  those  cases  for  which  the  considered 
propellants  have  been  observed  to  bum  steadily  (p  >  10  atm),  it  is  clear  that  very  high 
signal-to-noise  ratios  are  expected  for  the  100  fm  slit. 

Results  of  Plume  Measurements.  Results  of  spectral  emission  measurements 
on  products  from  the  combustion  of  NOSOL-363,  which  was  burned  at  1  atm  in  an  air 
purged  environment,  using  slit  heights  of  1000  and  300  n m  are  shown  in  Figs.  6  and  7. 
respectively.  The  shown  emission  spectra  are  the  result  of  coaddition  of  4  successive  scans 
using  the  same  sampling  parameters  as  described  previously.  The  effects  from  background 
emission  have  been  subtracted.  Examination  of  these  figures  reveals  that  the  SNR.  of  the 
spectrum  in  Fig.  6  is  in  authors’  opinion  quite  high,  whereas  the  SNR  of  the  spectrum  in 
Fig.  7  is  much  worse.  This  is  most  noticeable  in  the  short-wavelength  (high  wavenumber) 
region  where  few  emitting  species  are  observed.  Since  the  combustion  took  place  at  latm 
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j  using  air  as  the  purge  gas,  it  is  difficult  to  compare  the  SNR  of  the  measured  spectra 

with  the  predicted  SNRs  obtained  from  the  previous  analysis  and  shown  in  Table  1.  As 
briefly  mentioned  previously,  a  comparison  is  difficult  to  perform  because  (1)  the  species 
concentration  and  temperature  is  nonuniform  along  the  line-of-sight  as  result  of  combustion 
neax  the  edge  of  the  unbumed  propellant  products  and  the  oxygen  rich  purge  gas,  (2) 
a  turbulent  combustion  zone  between  the  oxidizer  in  the  purge  gas  and  the  unburned 
propellant  products  is  established  which  introduces  additional  noise  in  the  spectra  that  is 
not  accounted  for  in  the  development  of  the  expression  for  SNR,  and  (3)  the  plume  widens 
to  approximately  25mm  at  the  point  of  measurement,  that  is,  there  is  significant  radially 
outward  diffusion  of  the  IR  active  species  which  must  be  balanced  by  a  radially  inward 
diffusion  of  the  species  in  the  purge  gas  (both  O2  and  N2).  The  6  mm  wide  IR  collection 
volume  (or  the  center  of  the  slit)  was  focused  at  about  8  mm  above  the  burning  surface. 

Nonetheless,  the  characteristic  infrared  emission  bands  from  the  expected  combustion 
products  are  readily  identified. 15  However,  the  emission  spectra  of  combustion  products 
measured  at  elevated  temperature  are  in  general  not  similar  to  the  reference  absorption 
spectra  which  have  been  measured  at  room  temperature  due  to  the  band  broadening  or/and 
shifts  caused  by  various  reasons,  such  as  high  temperature,  self  absorption,  etc.-  The 
identifiable  emission  bands  in  Fig.  6  include:  (1)  C02,  centered  at  2349  and  G67  cm-1 
corresponding  to  the  1/3  and  v2  bands,  respectively;  (2)  H20,  centered  at  3756,  3652,  and 
1595  cm-1  corresponding  to  the  i-'j,  i/j ,  and  1/3  bands,  respectively;  and  (3)  CO,  centered  at 
2143  cm-1  corresponding  to  band  which  slightly  overlaps  the  band  of  C02  centered 
at  2349  cm-1.  In  addition,  some  thermal  fragments  (as  various  hydrocarbons)  of  the 
incomplete  combustion  products  also  appeal1  in  the  1400-1000  cm-1  region. 

Measurements  with  a  smaller  slit  height  of  100  pm  were  also  conducted,  but  a  consid¬ 
erable  increase  m  the  noise  was  observed  as  expected.  A  much  improved  value  of  the  SNR 
can  be  achieved  by  employing  wider  strands  to  obtain  a  larger  area  over  which  the  emission 
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occurs  and  by  using  parabolic  collection  mirrors  to  increase  the  amount  of  collected  IR 
energy. 

CONCLUSIONS 

An  analysis  and  results  have  been  presented  for  the  purpose  of  investigating  the  achiev¬ 
able  spatial  resolution  of  emission  measurements  of  the  products  from  solid  propellants 
combustion  using  an  FT-IR  spectrometer.  In  order  to  extrapolate  to  relevant  rocket  mo¬ 
tor  conditions,  experiments  were  performed  to  determine  the  unknown  constant  in  the 
empirical  expression  for  SNR.  The  theory  of  SNR  assumes  that  the  major  source  of  noise 
is  the  detector  noise.  The  major  conclusions  from  this  study  are  as  follows: 

(1)  The  expression  employed  for  the  determination  of  SNR  has  been  verified  by  experi¬ 
ments  in  the  optically  thick  limit. 

(2)  For  condition  applicable  to  high  pressure  solid  propellant  combustion,  the  predicted 
maximum  SNRs  axe  of  the  order  of  1000  at  a  spatial  resolution  of  100  pm,  It  is 
expected  that  such  SNRs  are  sufficient  to  apply  band  ratio  techniques  for  deducing 
species  and  temperature  profiles. 

(3)  Measurements  of  emission  spectra  of  NOSOL-363  at  low  pressure  (one  atmosphere) 
yield  an  SNR  that  appears  to  be  quite  high  using  a  spatial  resolution  of  1000/xm. 

(4)  The  SNRs  of  the  employed  experimental  setup  can  further  be  increased  by  employing 
wider  slit  or  use  parabolic  mirrors  in  the  IR  collection  optics. 
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Fig.  1  Schematic  diagram  of  experimental  setup  for  combustion  product  stud 
ies  in  transparent  test  chamber  using  the  FT-IR 


Fig.  2  Optical  iayout  of  beam  paths  for  performing  emission  measurements 
using  the  FT-I*L  and  the  windowed  transparent  test  chamber 
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Introduction 


To  measure  the  flame  spreading  over  solid  propellant  surfaces,  many  techniques  have 
been  employed.’  Brown  et  al.1  and  Jensen  et  al.J  employed  fuse  wires  and  thin-film  flux  gages 
embedded  in  the  propellant  sample  for  measurements  of  ignition  and  ignition  front  propagation 
rates.  Mitchell  and  Ryan4  used  a  high-speed  movie  camera  to  measure  flame  spreading  over 
freshly  cut  nonaluminized  composite  solid  propellants.  Similarly,  McAlevy  et  al.s  recorded  the 
flame  spreading  event  with  a  motion  picture  camera.  However,  the  use  of  cameras  for  measuring 
flame  spreading  is  difficult.  The  recorded  (visibie)  luminosity  at  a  specific  location  may  be  due 
to  chemical  reactions  of  pyrolysis  products  carried  by  the  mean  flow  from  upstream,  or  the 
luminosity  could  be  due  to  glowing  particulate  matter,  such  as  aluminum  or  boron  or  their  oxides. 

The  objective  of  this  work  is  to  present  a  new  approach  for  measuring  flame  spreading 
over  solid  propellant  surfaces.  The  approach  is  based  on  the  characterization  of  the  radiant 
energy  emitted  from  the  combustion  products  of  a  typical  solid  propellant  with  and  without  a 
burning  surface  in  the  background.  To  characterize  such  emission,  a  rapid-scanning  FT-IR 
spectrometer  system  has  been  employed  for  measuring  the  emitted  energy  from  the  combustion 
products  of  a  solid  propellant  containing  aluminum/ammonium  perchiorate/hydroxyl-terminated 
polybutadiene  (Ai/AP/HTPB). 

Measurement  Approach 

During  the  ignition  transient,  the  solid  propellant  i?  subject  to  intense  heating  by 
convection,  radiation  and  particle  impingement  up  to  its  ignition  temperature.  Once  the  solid 
propellant  bums,  the  emission  of  radiant  energy  from  the  burning  surface  and  gas/particie 
mixture  shouid  remain  nearly  constant  (unless  the  conditions  within  the  motor  change).  To  use 
the  emitted  energy  as  a  means  for  detecting  the  flame  spreading  dur!ng  the  ignition  transient, 
three  important  aspects  must  be  satisfied.  Rrst,  it  is  necessa-  •  a  optica!  access  to  the 
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measurement,  location.  Second,  the  emitted  radiant  energy  from  the  burning  surface  must  be 
distinguishable  from  the  emitted  radiant  energy  from  the  flowing,  hot  combustion  products.  That 
is,  the  emission  of  radiant  energy  from  the  hot  combustion  products  cannot  overwhelm  the 
spectral  emission  characteristics  of  a  burning  surface.  Finally,  it  is  necessary  that  the  radiation 
measurement  system  is  capable  of  recording  the  rapidly  changing  event  taking  place  during  the 
flame  spread.  The  most  important  component  of  such  a  system  is  the  detector,  which  should 
have  a  time  constant  on  the  order  of  Ips.  Examples  include,  among  others,  the  marcury- 
cadmium-teiluride  (MCI),  lead  seienide  (PbSe),  or  the  indium  antimonide  (InSb)  detectors. 

Experimental  Setup 

To  examine  the  emission  characteristics  of  the  combustion  products,  a  preliminary 
engineering  study  was  conducted  using  the  MCT  detector  in  an  FT-iR  spectrometer  system  and 
a  solid  propeiiant  containing  a  mixture  of  Ai/AP/HTPB  (18%  Al).  The  details  of  this  spectrometer 
system  have  been  discussed  previously.6  To  simulate  the  flame  spreading  in  a  simple  yet 
realistic  manner,  four  cases  were  devised  as  shown  in  Fig.  1 . 

Case  1,  which  involves  the  burning  of  a  single,  vertical  propeiiant  strand  as  shown  in 
Fig.  1  [a),  represents  the  situation  that  is  expected  to  occur  when  the  hot  combustion  products 
(from  the  core  of  the  motor)  flew  over  and  heat  up  the  propeiiant.  Case  2,  which  involves  the 
burning  of  both  a  vertical  strand  and  a  horizontal  strand  simultaneously,  approximates  ti* 
situation  when  hot  combustion  products  flow  over  an  ignited  surface.  Case  3  represents  the 
situation  when  there  are  no  hot  combustion  products  flowing  across  a  burning  surface.  Finally, 
Case  4  is  the  setup  to  determine  the  spectral  features  of  the  background  emission. 

Results  end  Discussion 

Measurements  of  emission  according  to  the  four  cases  described  above  were  performed 
using  solid  propeiiant  strands  of  8  mm  diameter  and  30  mm  length.  The  FT*iR  spectrometer  was 
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set  to  take  1 00  double-sided  Interferograms  at  8  cm4  resolution,  with  each  interferogram  requiring 
approximately  300ms  of  measurement  time  (4296  data  points).  The  top  of  the  vertical  strand  was 
aligned  within  the  measurement  line-of-sight  location  to  capture  the  ignition  transient  phenomena. 
The  focal  spot  size  of  the  IR  measurement  was  adjusted  to  a  circle  of  6  mm  diameter.  The  strand 
was  easily  ignited  using  electrical  resistance  heating  of  a  nichrome  wire  inserted  into  the  top  of 
the  strand.  The  burning  rate  was  approximately  5  mrr./sec  in  the  windowed  test  chamber  using 
nitrogen  as  purge  gas  at  1  atm. 

As  the  top  of  the  burning  propeiiant  strand  recedes  below  the  field-cf-view  of  the  detector, 
the  emission  of  radiant  energy  is  primarily  due  to  the  equilibrium  combustion  products,  which  are 
gases  and  particulates  (primarily  Ai203).  Figure  2  shows  the  MCT  detector  response  average  of 
10  scans  from  Case  1  [defined  in  Fig.  1  (a)].  During  the  measurement  period  of  time,  which  was 
approximately  3  sec,  the  burning  surface  receded  approximately  15  mm,  but  the  sequential 
individual  emission  spectra  (not  shown)  show  only  a  10%  variation.  Although  the  spectral 
resolution  is  only  8cm'1  and  only  10  scans  were  averaged,  many  of  the  characteristic  vibration- 
rotation  bands  or  IR  active  molecules  a-e  clearly  revealed. 

The  following  identification  of  IR  active  species  uses  information  compiled  by  Herzberg.7 
Tiie  major  species  formed  during  the  combustion  are  as  expected  H,0  and  C02.  The  water 
vapor  has  bands  centered  at  3700  and  1 587  cm'1,  but  the  pure  rotational  band  appears  to  be 
washed  out  by  the  continuous  emission  from  the  aluminum  oxide  particles  and  the  strong 
fundamental  band  of  C02  centered  at  667  cm'1.  C02  aisc  has  another  fundamental  band 
centered  at  2400  cm'1  and  an  overtone  centered  at  3700  cm'1.  HCI,  CO.  and  NO  have 
fundamental  bands  centered  at  2850,  2170,  and  1850  cm'1,  respectively.  Visual  examination  of 
the  floor  of  the  windowed  test  chamber  did  not  reveal  any  soot  formation  of  the  AI/AP/HTPB  solid 
propellant,  but  white  dust  settled  everywhere  within  the  test  chamber  and  thus  required  a 
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thorough  clean  up  after  each  test  firing.  The  identification  and  assignment  of  additional  species 
require  higher  resolution  and  the  availability  of  reference  spectra  at  high  temperatures. 

The  MCT  detector  responses  of  Cases  1 , 2, 3  and  4  are  shown  in  Fig.  3.  The  first  3  cases 
are  the  average  of  1 0  scans  following  the  ignition  transient.  The  background  emission  according 
to  the  setup  of  Case  4  is  included  for  comparison  purposes,  in  Case  2,  the  vertical  strand  was 

i 

j  ignited  near  its  top,  whereas  the  horizontal  strand  was  ignited  convectively  from  the  hot 

combustion  product  gases  evolving  from  the  vertical  strand.  The  ignition  transient  lasted 

j  approximately  1 .5  sec  and  was  dominated  by  continuum  emission.  The  recorded  sequential 

spectra,  which  are  not  included  here,  revealed  that  the  emission  of  radiant  energy  remained  fairiy 
steady  once  the  ignition  transient  was  complete,  in  addition,  the  absorption  peak  near  2400  cm’1 
of  Case  3  is  a  self-absorption  effect.  That  is,  the  hot  combustion  produc  is  mix  with  the  N7  purge 
gas  to  form  relatively  cold  gases  that  partially  absorb  the  radiation  emitted  by  the  products 
evolving  from  the  burning  horizontal  strand. 

Examination  of  the  results  shown  in  Fig.  2  reveals  that  the  continuum  emission  from  the 
AijOj  particles  is  extremely  small  although  the  initial  aluminum  mass  fraction  in  the  propellant  is 
large.  The  continuum  emission  is  especially  absent  In  the  5000-2400cm''  region  aiJnough  the 

i 

combustion  products  are  at  a  high  temperature.  The  reason  for  such  low  emission  is  attributed 
to  the  luw  emissivity  of  such  particles,  which  are  known  to  have  a  very  large  scattering  cross- 
section  that  increases  with  increasing  wavenumbers.3  Once  the  burning  surface  is  within  the  field 
of  view  of  the  defector,  according  to  Cases  2  and  3  shown  In  Fig.  3,  the  continuum  emission 
within  the  aforementioned  wavenumber  region  increases  significantly.  The  increase  in  the 
spectral  detector  response  is  possibly  attributed  to  the  emission  by  carbonaceous  residue 
formed  from  the  binder  polymer  fragments  ejected  from  the  burning  propeliant  surface.  Because 
of  the  low  emissivity  of  the  aluminum  oxide  particles,  emission  measurements  are  proposed 
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covering  ihe  5000-2400  cm'1  region  for  the  detection  of  flame  spreading  along  the  surface  of  a 
propeilant  containing  significant  amounts  of  aluminum.  That  is,  the  emission  of  radiant  energy 
within  this  wavenumber  region  should  increase  significantly  once  the  surface  has  ignited. 

Summary  and  Conclusions 

An  FT-IR  spectrometer  system  has  been  employed  to  measure  the  thermal  radiation 
emitted  from  the  combustion  products  of  a  solid  propellant.  The  objective  of  the  measurements 
was  to  ascertain  the  characteristics  of  radiant  energy  emitted  from  the  combustion  products  with 
and  without  a  burning  surface  in  the  background.  Based  on  the  findings  of  this  preliminary  study 
involving  a  propellant  containing  Al/AP/HTPB  (18%  A!},  it  is  expected  that  infrared  measurements 
covering  the  5000-2400  cr.v’  wavenumber  region  should  enable  definite  detection  of  the  arrival 
of  the  propagation  of  a  flame  front  over  a  solid  propehant  surface. 
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Ust  of  Figures 

Fig.  1  Experimental  Setup  of  Propellant  Strands  within  Windowed  Test  Chamber  for  Conducting 
Emission  Measurements  Simulating  Flame  Spread 

Fig.  2  MCT  Detector  Response  due  to  Emission  from  Combustion  Products  of  an  Ai/AP/HYPB 
Containing  Propellant  Strand  Burned  According  to  Case  1 

Fig.  3  MCT  Detector  Responses  due  to  Emission  According  to  Cases  1 ,  2,  3  and  4 
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CHAPTER  4 

STEADY-STATE  COMBUSTION  BEHAVIOR  OF  MG/PTFE/VfTON 
AND  BORON-BASED  SOLID  FUELS 
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I.  Introduction 

Basic  knowledge  of  steady-state  burning  behaviors  of  solid  energetic  materials  is  essentia! 
for ,  umerous  applications.  Those  behaviors  include:  (1)  baseline  regression  rate  as  a  function 
of  pressure,  initial  temperature,  and  other  operating  conditions,  (2)  deduced  activation  energy 
and  frequency  factor  as  kinetic  input  parameters  to  computer  codes,  (3)  low-pressure 
deflagration  limit  and  temperature  sensitivity,  (4)  flame  behavior  and  burning  surface  conditions, 
(5)  burning  4.  'rfa  ;e  temperature,  and  (6)  ejection  of  particulates  from  the  burning  surface  region. 
Such  basic  data  aru  important  in  the  design  of  propulsion  systems,  and  they  are  needed  in  the 
development  and  execution  of  comprehensive  theoretical  models  of  combustion  processes  of 
energetic  materials. 

The  objective  of  this  task  is  to  achieve  a  better  understanding  of  the  above-mentioned 
combustion  behaviors  of  various  energetic  materials  by  conducting  experimental  investigations 
using  a  temperature  and  pressure-controlled  optical  strand  burner, 

II.  Method  of  Approach 

A  temperature-  and  pressure-controlled  optical  combustor  was  used  in  this  work  to  study 
boron-based  BAMO/NMMG  energetic  solid  fuels,  and  magnesium/teflon/viton-a  pyrotechnic 
materials.  Figure  4.1  shows  the  schematic  diagram  of  the  optical  combustor.  The  chamber 
pressure  is  measured  by  either  a  Vaiidyne  (up  to  3,209  psi)  or  a  Kistier  ^up  to  10,000  psi) 
pressure  transducer.  The  chamber  pressure  was  kept  constant  by  a  solenoid  valve  of  which 
operation  was  controlled  by  an  IBM/AT  personal  computer.  In  order  to  investigate  the  effect  of 
ambient  gas  composition  on  the  combustion  behavior,  a  purge  gas  with  different  compositions 
was  used  to  pressurize  the  test  chamber. 

To  heat  up  or  cool  down  the  test  sample  to  a  pre-specified  initial  temperature,  both 
temperatures  of  chamber  body  and  purge  flow  were  kept  at  the  same  level.  The  chamber  is 
surrounded  by  a  constant-temperature  bath  of  silicon  fluid,  of  which  the  temperature  can  be 
preset  at  a  level  between  -4Q  to  70°C.  A  pump  is  incorporated  into  this  closed-loop  system  to 
provide  a  necessary  driving  force  for  circulation  purpose.  Through  the  heat  transfer  between  the 
chamber  wall  and  the  above-mentioned  recirculating  constant-temperature  bath,  a  uniform  stable 
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temperature  of  chamber  body  can  be  attained-  in  test  firings  with  low  initial  propellant 
temperature  (e.g.  -f  0°C),  the  purge  gas  is  first  preccoied  in  a  cryogenic  heat  exchanger,  operated 
by  means  of  liquid  nitrogen,  down  to  the  temperature  which  is  typically  15°C  icwer  than  the  pre¬ 
specified  level.  Then,  a  resistance  heater,  linked  to  n  control  unit  consisting  of  a  proportional 
integral  derivative  (P!D)  controller  and  a  silicon  controlled  rectifis'  (SCR)  power  supply,  inputs  an 
appropriate  amount  of  heat  flux  to  the  purge  flow.  Therefore,  the  chamber  gas-phasa 
temperature  is  increased  to  the  preset  value  and  remained  stable  at  that  point 

During  a  test,  a  sample  of  the  energetic  material  is  mounted  vertically  in  the  chamber. 
Ignition  of  the  sample  is  achieved  by  sending  an  electrical  curteni  So  a  nichrome  wire,  pierced 
through  the  test  sample  about  3mm  from  the  top  surface.  A  scale  is  optically  superimposed  on 
the  image  of  the  sample  by  a  semitransparent  mirror.  The  length  of  the  sample  burned  in  a 
certain  time  span  is  accurately  determined  from  both  images  of  the  scale  and  the  test  sample, 
which  are  recorded  by  a  video  recording  system.  From  the  information  of  the  instantaneous 
locations  of  the  burning  surfacs,  tire  burning  rate  of  the  test  sample  is  deduced. 

For  the  pressure  deflagration  limit  tests,  the  chamber  was  depressurized  at  a  rate  of  about 
1 .0  kPa/sec.  The  extinguishment  of  the  test  sample  was  indicated  by  a  sudden  chamber 
pressure  drop  and,  therefore,  the  pressure  deflagration  limit  can  be  determined  from  the  recorded 
pressure-time  trace. 

In  order  \o  measure  the  burning  surface  temperature  and  thermal-wave  structures  in  the 
subsurface  and  gas-phase  region  of  the  test  sample,  fine-wire  thermocouples  (Piatinum/Piatinum- 
13%  Rhodium)  with  a  wire  diameter  of  5  to  50  /rm  were  employed  in  this  investigation.  The 
thermal  conductivity  and  diffusivity  of  the  energetic  material  as  functions  of  temperature  were 
deduced  from  the  measured  subsurface  temperature  profiles  using  the  subsurface  temperature 
profile  (STP)  method  developed  by  the  researchers.  As  mentioned  above,  the  burning  rate  and 
burning  surface  temperature  were  measured  from  recorded  video  images  and  thermocouple 
outputs,  respectively.  As  the  burning  rate  and  burning  surface  temperature  data  are  available, 
the  activation  energy  and  the  pre-exponer.tial  factor  are  then  deduced  using  a  least-square 
nonlinear  regression  analysis. 

III.  Discussion  of  Results 

In  this  research  work,  combustion  behaviors  of  3orori/{£AMO/NMMO)  and 
MG/PTFE/VITON-  A  (MTV)  solid  fuels  under  different  operating  conditions  were  investigated. 
Results  obtained  from  iha  study  of  B/(8AMO/NMMO)  solid  fuels  are  giver,  in  Appendices  4.1 , 4.2, 
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The  above  results  suggest  the  use  of  MTV  solid  fuels  with  other  ingredients  produces  large 

amounts  of  nitrogen  which  facilitates  the  heat  release  and  burning  rate. 

The  important  physicochemical  processes  involved  in  the  combustion  of  MTV 
solid  fuels  in  the  presence  of  air  were  qualitatively  identified.  Five  reaction  zones 
characterizing  the  combustion  behavior  of  MTV  solid  fuels  were  envisioned  for  the 
first  time.  These  reaction  zones  are  inert  heating,  subsurface  secondary  reaction, 
subsurface  primary  reaction,  primary  combustion,  and  secondary  combustion 
zones. 

The  thermophysical  properties,  including  thermal  diffusivity  and  conductivity,  were 
measured  using  a  subsurface  temperature  profile  and  laser  flash  methods.  It  was 
found  that  both  thermal  diffusivity  and  conductivity  are  strong  functions  of 
temperature,  and  change  drastically  in  the  temperature  range  of  2Q-50°C.  This  is 
found  to  be  caused  by  the  crystalline  transitions  of  PTFE  in  this  temperature 
range. 

•  In  the  study  of  combustion  behavior  of  B/(BAMO/NMMO)  solid  fuels  with  different  boron 
weight  percentages,  the  following  important  findings  have  been  obtained: 

The  burning  rates  o?  boron/poly(6AMO/NMMO)  fuel-rich  propellants  were 
measured  and  found  to  depend  strongly  upon  boron  weight  percentage  and 
pressure.  Burning  rates  of  B/(BAMO/NMMO)  solid  fuels  were  found  to  increase 
with  boron  percentage  up  to  file  vicinity  of  20%  and  then  decrease.  An  "energy 
sink"  nypothesis  has  been  proposed  to  explain  this  dependency  and  is  supported 
by  thermocouple  measurements  of  the  maximum  temperature  of  combustion 
products.  This  hypothesis  suggests  that  as  the  boron  particle  weight  percentage 
exceeds  a  critical  level,  they  absorb  a  significant  amount  of  energy  from  the 
reaction  zone,  thereby  reducing  the  energy  feedback  to  the  propellant  surface. 
Also,  boron  particles  under  such  high  concentration  conditions  may  not  oxidize 
to  form  the  second-stage  vigorous  combustion  zone  near  the  burning  surface. 
Formation  of  hexagonal '  vstaliine  boron  nitride  (BN)  in  the  combustion  residues 
of  boron/poly(8AMO/NMMO)  solid  fuels  was  observed  experimentally. 
Thermoequilibrium  calculations  also  show  the  existence  of  BN  only  at  high 
equivalence  ratios.  Under  these,  conditions,  some  performance  gains  can  be 
obtained  even  though  the  heat  of  reaction  in  forming  BN  is  less  than  ono-half  that 
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of  B2Oj.  This  implies  that  boron  nitridation  could  be  important  and  deserves 
further  study. 

The  important  physicochemical  processes  involved  in  the  combustion  of 
B/(BAMO/NMMO)  solid  fuels  were  identified  from  observations  and  measurements. 
Four  reaction  zones  characterizing  the  combustion  behavior  of  B/(BAMO/NMMQ) 
solid  fuels  have  been  defined  within  temperature  boundaries  of  the  identified 
physical  chemical  processes. 

From  the  SFRJ  performance  point  of  view,  there  are  both  advantages  and 
disadvantages  to  using  BAMO/NMMO  copolymer-based  fuels  compared  to 
conventional  HTPB-based  fuels.  The  advantages  are  mainly  due  to  its  vigorous 
pyrolysis  characteristics  for  dispersing  boron  particles  from  surface  reaction  zones 
into  the  main  reaction  zone.  Therefore,  high  boron  combustion  efficiency  can  be 
expected.  The  second  advantage  can  be  attributed  to  its  higher  performance  at 
lower  air-to-fuel  ratios,  since  it  contains  a  certain  amount  of  oxygen  and  thus 
requires  less  ambient  oxygen  to  burn.  The  disadvantages  of  BAMO/NMMO 
copolymer-based  fuels  are  essentially  due  to  their  lower  performance  at  normal 
SFRJ  operating  conditions  This  lower  performance  is  caused  by  their  lower  heats 
of  reaction,  resulting  from  lower  hydrocarbon  content,  in  comparison  with 
conventional  hydrocarbon  fuels  (such  as  HTPB),  despite  their  high  positive  heats 
of  formation. 

IV.  Conclusions 

A  unique  test  setup  with  well-controlled  pressure  (up  to  9,000  psi)  and  initial  temperature 
(from  -40  to  70°C)  conditions  was  designed  and  constructed.  This  test  setup  was  utilized  to 
investigate  the  combustion  behaviors  of  B/(BAMO/NMMO)  and  MTV  solid  fuels.  Results  obtained 
from  this  research  work  have  been  applied  by  private  industries  and  government  laboratories. 
Findings  on  the  combustion  behavior  of  MTV  propellants  have  been  very  helpful  for  military 
purposes.  Similarly,  results  obtained  from  the  study  of  B/(BAMO/NMMO)  solid  fuels  have  been 
useful  in  assessing  the  applicability  of  this  type  cf  fuel  for  solid  fuel  ramjets. 
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APPENDIX  4.1 

Combustion  Behavior  of  Boron-Based  BAMO/NMMO 
Fuel-Rich  Solid  Propellants 


'iVen-Hsin  Hsieh."  Aria  Peretz.t  I.-Te  Huang, +  and  Kenneih  K.  Kuo§ 
Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 


Combustion  characteristics  of  boroiipolyi  BAMO/NMMO)  fuel-rich  solid  propellants  have  been  studied  due 
to  their  potential  application  to  solid-fuel  ramjets  (SrRj).  For  th«.  same  boron  content',  BAMO/NMMO  copol- 
ymer-tuca  fuels  are  superior  to  conventional  hydroxyl  terminated  poiybtmdltn  tHTPB)  fuels  due  to  their 
vigorous  pyrolyrit  characteristic  for  dispersing  boron  par  deles  Into  the  main  reaction  zone.  However,  their 
specific  Impulses  are  generally  lower  that,  that  of  HTPB,  in  spite  of  high  positive  hrats  of  formation.  Formation 
of  hexagonal  crystalline  boron  nitride  (BN)  has  been  found  in  the  combustion  of  this  family  of  propellants 
studied.  Favorable  condition  for  the  formatter,  of  EN  have  been  identified.  BN  also  has  a  significant  effect  on 
the  theoretical  performance  lor  high  equivalence  ratio  conditions.  The  burning  rate  was  found  to  depend  strongly 
upon  pressure  and  mmmonotonically  on  boron  content.  An  “energy  sink'*  hypothesis  is  proposed  tc  explain 
this  observation.  Fine-wire  thermocouple  measurements  support  this  hypolht  ’is. 


I.  Introduction 

HE  continuous  search  for  more  energetic  and  denser 
binder  materials  for  solid  propellants  and  fuels  has.  in 
recent  years,  prompted  the  synthesis  and  development  of  novel 
polymers  with  azide,  nitro,  or  nitrale  groups.1  Performance 
increases  can  be  expected  by  replacing  the  conventional  non- 
nergetic  polymeric  binders  with  polymers  that  could  con- 
ribute  energy  to  the  formulation.  These  polymers  are  gen¬ 
erally  characterized  by  high  positive  heat  of  formation,  high 
density,  relatively  low  decomposition  'emperamre,  high  ni¬ 
trogen  content,  ease  of  ignition,  fast  pyrc’ysis  and  low  oxygen 
consumption  for  combustion.  Jr>  particular,  copolymers  of 
nitrate  esters,  such  as  3-nUTatomethyl-3'-methyloxetanc 
(NMMO)  with  (azidomethyl)-oxe(ane  polymers,  such  as  3- 
azidotnethyi-3‘-methy!oxetane  (AMMO)  and  3,3'bis(azi- 
domethy!)*oxetane  (BAMO)  have  recently  received  much  in¬ 
terest  as  potential  candidates  for  energetic  propeilant  fuels.- 5 
Evaluation  of  solid  propellants,  using  poly  (BAMO/NMMO) 
volyether  glycol  as  a  binder,  has  shown  high-performance 
capability  in  terms  of  volumetric  specific  impulse  and  excellent 
mechanical  properties,  especially  in  terms  of  elongation.3  The 
molecular  structures  of  BAMO  and  NMMO  polymers  are 


Boron,  on  the  other  hand,  is  well-known  for  its  high  heat 
relea'e  during  oxidation  or  fluorination.4  It  carvprovide  more 
than  three  times  the  volumetric  energy  density  of  conventional 
hydrocarbon  solid  fuels  used  in  air-breathing  ramjet  propul¬ 
sion  systems.  However,  problems  associated  with  the  ignif  on 
and  combus'ion  efficiency  of  boron  particles  have  been  an 
obstacle  m  utilizing  boron-coniaintng  solid  fuels  or  propellants 
in  ramjet  engines.  It  has  been  shown  in  a  recent  study  by 
Cher,  et  ai.3  that  the  combined  effect  of  very  high  heat  release 
bv  exothermic  decomposition  reactions  and  the  highly  tur¬ 
bulent  nature  of  the  pyrolyzc.1  gases  of  BAMO/NMMO  co¬ 
polymer  binders  enhances  the  ignition  of  the  boron  particles 
in  BAMO/NMMO -based  fuei-nch  p.opeliants.  In  addition,  it 
may  be  expected  that  high  performance  can  be  obtained,  due 
to  the  combination  of  two  energetic  rue!  components,  and 
also  htgner  regression  rates,  caused  by  exothermic  solid-phase 
or  surface  reactions,  which  is  usuaiiy  very  desirable  in  solid- 
fuel  ramjets  (SFRi). 

It  is  known  that  oxidation  of  boron  is  highly  exothermic. 
Under  oxygen-rich  conditions  within  adequate  temperature 
and  pressure  ranges,  the  combustion  products  of  boron  will 
be  boron  oxides  (e.g..  B;03.  30,  B0:.  KOBO,  HjBOj). 
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However,  when  the  oxygen  concentration  is  limited,  not  all 
of  the  boron  fuel  can  be  oxidized.  Instead  of  losing  the  heat 
of  reaction  of  unoxidized  boron,  it  is  useful  to  consider  the 
reaction  of  boron  with  other  elements  such  as  fluorine  and 
nisrogen.  This  is  why  certain  fluorine  compounds  are  some¬ 
times  introduced  into  the  formulations  of  solid  fuels  and  pro¬ 
pellants.  To  the  best  of  the  authors'  knowledge,  boron  nuri- 
datton  has  not  been  considered  in  the  performance  evaluation 
of  boron-based  solid  fuels.  One  exception  is  attributed  .o 
Weber  and  Mueller  in  their  consideration  of  metal  combustion 
in  the  Martian  atmosphere.'1 
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Preliminary  thermochemical  calculations  and  strand-burner 
tests  conducted  in  this  study  have  shown  that  under  certain 
conditions  (e.g.,  high  equivalence  ratios)  nitridation  of  boron 
can  indeed  take  place  to  form  hexagonal  crystalline  boron 
nitride  (BN).  The  heat  released  in  this  reaction  (23.2  kJ/g 
boron)  is  less  than  one-half  of  that  released  in  boron  oxida¬ 
tion.  This  phenomenon  has  surprisingly  received  no  particular 
attention  in  the  propulsion  literature,  as  mentioned  above. 

The  overall  goal  of  the  work  described  herein  is  to  studv 
•  the  propulsion-related  combustion  behavior  of  the  newly  de¬ 
veloped  borcn/polv(BAMO/NMMO)  fuel-rich  solid  propel¬ 
lants  with  the  following  specific  objectives:  1)  assessment  of 
the  applicability  of  these  fuel-rich  propellants  to  SFRJ  en¬ 
gines:  2)  conduction  of  thermochemical  and  thermoanalytical 
studies  to  achieve  a  better  understanding  of  the  pyrolysis  proc¬ 
ess,  3)  determination  of  the  burning  rate  as  a  function  of  the 
boron  content  and  pressure  by  using  a  windowed  strand  burner: 
4)  measurement  of  the  thermal  wave  structure  by  fine-wire 
thermocouples.  5)  determination  of  the  favorable  combustion 
environment  for  the  formation  of  boron  mtnde  by  examining 
the  combustion  residues  with  scanning  electron  microscope 
(SEM)  and  x-ray  diffraction  analyzer,  and  6)  identification  of 
the  source  of  nitrogen  for  boron  nitridation  by  conducting 
strand-burner  tests  in  both  air  and  oxygen/argon  atmospheres. 


II.  Thermochemical  and  Thermoanalytical  Studies 

Thermochemical  Equilibrium  and  Performance  Calculations 

The  fuel-rich  propellants  used  in  this  study  were  synthesized 
and  provided  by  G.  E.  Manser  of  Aerojet  Solid  Propulsion 
Company.  They  are  based  on  the  BAMO/NMMO  copolymer 
as  a  binder  with  70/30  mole  ratio,  respectively,  which  yields 
the  molecular  formula  (QHj.^N,  MOz  0.)  for  the  repeating 
unit.  This  energetic  formulation  has  a  heat  of  formation  of 
+ 1,378  J/g  (53  kcal/mole).  The  mass  fractions  of  nitrogen  and 
oxygen  sn  the  copolymer  are  37.4%  and  20.1%,  respectively, 
with  the  nitrogen  coming  mostly  from  BAMO.  This  copoly¬ 
mer  was  mixed  with  a  boron  powder  of  submicron  panicle 
size  (median  panicle  diameter  of  0.5  p.m)  at  several  mass 
fraction  ratios:  0.  5, 10, 17.6,  and  29%  boron.  In  addition,  a 
formulation  containing  40%  bimodal  boron  powder  with  par¬ 
ticle  sizes  of  0.5  /cm  (30%)  and  20  fi m  (10%)  was  prepared 
and  supplied.  The  pure  copolymer  tested  in  this  study  had  a 
density  of  1.26  g/cm\ 

Computer  runs  of  the  CET  86  chemical  equilibrium  trans¬ 
port  code7  for  the  combustion  of  the  above-mentioned  com¬ 
positions  with  air  at  various  equivalence  ratios  d>.  combustion 
pressures,  and  air  temperatures,  ranging  from  0. 6-4.0, 0.207 - 
1.034  MPa  (30-150  psia),  and  29S-537°K,  respecuvely,  were 
conducted  to  evaluate  the  performance  of  these  propellants 
in  solid-fuel  ramjets  and  obtain  information  on  the  global 
equilibrium  combustion  products. 

Complete  combustion  of  pure  poly(BAMO/NMMO)  with 
air  yields  N:,  CO.,  O.,  and  H-0  as  the  major  combustion 
product  species  for  fuel-lean  conditions  (<2>  <  l),  as  expected. 
For  fuel-rich  combustion  (<t>  >  1),  as  increases.  CO-  converts 
gradually  into  CO  and  unburned  carbon,  whereas  H-0  is 
replaced  by  gaseous  hydrogen.  A  theoreticrl  adiabatic  flame 
temperature  of  2607”K  is  obtained  for  <b  =  l.  a  combustion 
pressure  of  0.685  MPa,  and  a  flight  speed  of  Mach  2  at  sea 
level.  It  was  found  that  the  effects  of  both  pressure  and  air 
temperature  are  small  in  the  range  studied. 

When  boron  is  added  to  the  poly(BAMOZNMMO)  binder, 
the  major  equilibrium  combustion  products  also  contain  bo¬ 
ron  oxides,  mainly  HOBO.  B-O,.  and  B-0:.  The  CET  86 
chemical  equilibrium  transport  code  reveals  that  as  less  oxy¬ 
gen  is  available  for  <f>  >  1 .  some  boron  nitridation  takes  place. 
The  mole  fraction  of  bcron  mtnde  (BN)  in  the  combustion 
products  increases  with  the  equivalence  ratio  and  the  boron 
content.  Table  1  lists  the  major  theoretical  equilibrium  com- 
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Table  1  Majo.  proJucts  of  combustion  of  boron/poly 
BAMO/NMMO)  (containing  29?e  boron  by  weight)  with  air  at 
0.690  MPa  (100  psia) 


Combustion  products, 
mole  fraction.  % 

Equivalence  ratio.  i> 

1 

2 

4 

N. 

74.56 

60.36 

30.86 

CO. 

5.93 

0.01 

— 

HBO- 

5.72 

0.80 

0.01 

H-0 

3.95 

0.04 

— 

CO 

3.06 

15.29 

22.46 

B-Oj 

2.08 

2.93 

0.01 

H: 

— 

10.18 

16.91 

BN(s) 

— 

2.04 

22.38 

HBO 

0.02 

4.00 

2.12 

B-O- 

— 

2.46 

0.29 

bustion  products  for  a  composition  containing  29%  boron 
burned  at  0.690  MPa  and  equivalence  ratios  of  1.  2.  and  4 
with  air,  which  has  enthalj  j  corresponding  to  a  flight  speed 
of  Mach  2  at  sea  level.  Crystals  of  hexagonal  BN  were  found 
in  residues  from  strand-burner  tests  in  this  study,  as  described 
in  the  following  section.  Boron  nitridation  releases  23  21 
k.I/g  boron,  as  compared  to  58.74  kJ/g  boron  for  oxidation  to 
B;Oj.  When  an  SFRJ  is  operating  under  certain  conditions 
(such  as  high-altitude,  hign  angle-of-attack  flight,  or  an  ac¬ 
celerating  climb),  combustion  of  solid  fuels  wiif  occur  at  high 
equivalence  ratios.  Under  such  conditions,  'he  amount  of  heat 
reiease  due  to  chemical  reaction  comes  not  only  from  boron 
oxidation  but  also  from  boion  nitridation.  Chemical-equilib- 
num  calculations  show  that  the  portion  of  unoxidized  boron 
nitridation  increases  with  pressure,  as  confirmed  by  the  ex¬ 
perimental  testing  conducted  in  this  study. 

Detailed  studies  of  the  finite-rate  chemical  kinetics  of  BN 
formation  under  actual  fuel-rich  SFRJ  operating  conditions 
should  be  conducted.  Investigation  of  various  researeners  in¬ 
dicated  that  there  are  me  kinetic  limitations  of  boron  ni- 
tridation.* 

In  addition  to  the  chemical-equilibrium  calculations,  the 
CET  86  code  was  used  to  calculate  the  theoretical  perform¬ 
ance  of  an  SFRJ  by  assuming  complete  equilibrium  combus¬ 
tion.  A  performance  comparison  was  m?dc  between  boron- 
based  po!y(BAMO/NMMO)  and  HTPB  fuels  for  the  same 
boron  mass  fractions  at  the  Mach  2  sea-level  flight  condition. 
The  calculated  results  show  that  for  the  same  equivalence 
ratio  in  the  :  .nge  of  <5  =  0.6-4.0,  boron-based  poly(B  AMO / 
NMMO)  fuels  have  considerably  lower  gravimetric  specific 
impulses  than  those  of  boron-based  HTPB  fuels.  This  is  caused 
by  the  higher  heat  of  combustion  of  the  HTF8  binder,  which 
overcomes  the  high  positive  heat  of  formation  of  the 
po!y(BAMO/NMMO)  binder.  The  difference  in  performance 
between  these  two  types  of  fuels  becomes  much  smaller  :n 
terms  of  volumetric  specific  impulse,  which  is  very  important 
for  volume-limited  propulsion  systems.  Figure  1  shows  plots 
of  the  theoretical  volumetric  specific  impulse  as  a  function  of 
equivalence  ratio  for  pure  poly(BAMOZNMMO)  and  HTPB 
fuels  and  the  same  fuels  mixed  with  -’0%  boron,  all  burning 
at  0.690  MPa  in  an  SFRJ  engine  at  Mach  2  sea-level  flight. 
The  density  and  heat  of  foimat.on  of  HTPB  were  taker  as 
0.92  gicmJ  and  0  J/g,  respecuvely.  The  relctiveiy  high  per¬ 
formance  of  the  boron-ioadeo  fuels  at  high  equivalence  ratios 
is  obtained  due  to  boron  nitridation.  The  same  performance 
is  plotted  vs  air/fuel  ratio  in  Fig.  2.  The  stoichiometric  air / 
fuel  ratios  for  vanous  fuels  arc  also  given  in  Fig.  2.  For  low 
air. fuel  ratios,  the  poly(BAMO'NMMO)  fuel  is  superior  to 
the  pure  HTPB  fuel,  due  to  the  larger  oxygen  deficiency  of 
the  latter.  As  the  air. fuel  ratio  increases,  the  performance  of 
the  HTPB-based  fuels  becomes  gradually  greater.  It  should 
be  recalled  that  the  hydreembon  mass  fraction  of  poly(BA.MO 
NMMO)  is  only  42.5%.  as  compared  to  almost  100%  hydro¬ 
carbon  for  HTPB, 
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Fig.  I  Performance  comparison  of  BAMO/NMMO  copolymer  with 
HTPB  fuels  containing  0  and  40%  boron  at  various  air/fuel  ratios. 

ThermoanalytkaJ  Studies 

Extensive  studies  of  the  thermal  decomposition  of  energetic 
monomers  and  poiymers  have  been  conducted  by  Farber  et 
al.*  and  Oyumt  and  Brill.*-10  "  An  interesting  finding  by  the 
latter  with  regard  to  poly{ BAMO/NMMO)  was  that  (he  two 
polymers  decompose  more  or  less  independently  despite  being 
copotymenzed.  It  was  also  revealed  that  pressure  and  heating 
rate  ex'rt  relatively  little  influence  on  the  concentration  of 
the  gaseous  decomposition  products.  Mass  spectrometric  and 
rapid-scan  Fourier-transform  infrared  spectroscopy  (RSFTT?.) 
tests  have  shown  that  both  BAMO  ?.;d  NMMO  polymers 
decompose  thermally  in  two  stages.  In  the  first  stage  (primary 
decomposition),  rupturc-'destruct’.on  of  the  side  groups  takes 
place,  and  in  the  second  stage,  decomposition  o;  the  polymer 
oxetane  backbone  occurs.  Farber  et  al/  conducted  mass  spec¬ 
trometric  studies  of  the  thermal  decomposition  of  BAMO 
polymer  at  10“ ’  Torr.  and  reported  a  start  of  decomposition 
at  1 30°C  by  release  of  molecular  nitrogen  due  *o  the  rupture 
or  scission  of  the  azide  bond  structure.  Much  higher  rate  of 
N;  evolution  is  observed  at  temperatures  above  lbO^C.  The 
three-carbon  backbone  starts  to  decompose  into  small  frag¬ 
ments.  such  as  HCN.  CH;.  OH.  and  CH:0,  at  I60°C  and  the 
thermal  decomposition  rate  increases  rapidly  with  tempera¬ 
ture.  Similar  results  were  obtained  by  Oyumi  and  Brill."’  by 
slow  and  rapid  thermolysis  of  BAMO  at  a  wide  range  of 
■  .■■iii.mf  ..ting  RffPTIR.  The  decomposition  temperature  of 


the  BAMO  polymer  was  determined  to  be  463*K  by  slow 
heating  at  atmospheric  pressure  of  argon. 

The  mass  spectrometric  studies  of  the  thermal  decompo¬ 
sition  of  NMMO  polymer  conducted  by  Farber  ct  al.12  re¬ 
vealed  that  decomposition  starts  at  about  100°C.  with  the 
release  of  N0;  and  CH.O  by  the  rupture  of  the  nitrate  bond 
(0-N0-)  and  the  bond  destruction  in  the  nitrate  ester  side 
group.  The  onset  of  the  oxetane  backbone  decompos*  ion 
occurs  at  approximately  150°C.  Oyumi  and  Brill10  suggest  that 
considerable  condensed  phase  reactions  take  place  in  the  de¬ 
composition  of  poly(NMMO),  which  is  assumed  by  them  to 
start  with  the  release  of  CH;0  or  CO.  They  claim  that  the 
decomposition  temperature  of  poly(NMMO)  is  187°C.  Man¬ 
ser  is  quoted  as  suggesting  that  the  backbone  ct'  NMMO  pol¬ 
ymer  might  be  less  thermally  stable  than  the  nitrate  ester."-12 

Thermogravimetnc  analysis  (TGA)  tests  in  a  0.1 -MPa  ar¬ 
gon  atmosphere  were  conducted  in  this  study  on  fuel-rich 
compositions  with  various  boron  content,  using  a  Perkin  El¬ 
mer  TGS-2  thermogravimetnc  analyzer  at  a  heating  rate  of 
ZCPG'min.  Weight  loss  of  pure  poly(BAMO/NMMO)  samples 
started  at  150-  155°C  at  a  very  slow  rate  and  rapid  pyrolysis 
took  place  at  a  temperature  between  205  and  2iC°C,  leaving 
residues  between  i  and  2%.  The  addition  of  5.  ’.0.  and  18.3% 
boron  did  not  substantially  affect  the  temperatures  of  the  s.art 
of  weight  loss  and  rapid  pyrolysis,  but  the  dispersion  in  the 
measured  values  of  these  temperatures  was  higher  than  that 
of  the  pure  copolym  ;r.  The  residue  increased  to  between  2 
and  3%.  A  single  test  with  a  composition  containing  40% 
boron  showed  an  onset  of  weight  loss  at  about  120°C  and 
rapid  pyrolysis  at  210°C.  leaving  a  residue  of  only  1.2%.  No 
definite  conclusion  for  this  difference  can  be  drawn,  due  to 
the  small  number  of  experiments.  However,  it  must  be  noted 
that  in  all  tests,  eyeball  observations  revealed  a  very  rapid 
and  violent  pyrolysis  ptocess.  in  which  the  pyroiyzed  gases  of 
the  copolymer  dispersed  the  boron  powder  in  the  gas  phase 
in  the  form  of  a  brownish  cream-colored  cloud.  A  single  TGA 
tost  with  a  sample  of  HTPB-based  fuel  with  30%  boron  was 
also  conducted  for  comparison.  In  this  case,  the  weight  loss 
started  at  about  160°C  and  proceeded  slowly  until  the  rate 
was  substantially  increased  between  420  and  48Q°C,  leaving 
a  black  residue  of  34%.  The  shape  of  the  curve  agrees  well 
with  published  TGA  thermograms  for  pure  HTPB  fuel.13  Fig¬ 
ure  3  shows  the  above-described  TGA  thermograms  of  40% 
boron-containing  poly(BAMO.'NMMO)  and  30%  boron-con¬ 
taining  HTPB  fuels.  In  view  of  the  close  similarity  of  the  TGA 
thermograms  of  pure  HTPB12  and  the  boron/HTPB  fuel  of 
this  study,  one  may  conclude  that  the  boron  content  has  an 
insignificant  effect  on  the  decomposition  process  of  HTPB 
for  temperatures  up  to  the  completion  of  decomposition 
(-45CTC).  The  only  noticeable  effect  is  that  the  boron-con¬ 
taining  fuel  has  a  higher  percentage  of  residue. 
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Fig.  3  TGA  thermograms  of  polylBAMO/NMMO)  and  HTPB  fuels 
containing  boron. 
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Fig.  5  Measured  strand-burning  rate  as  a  function  of  pressure  for 
boron/po!y(BAMO/NMMO)  solid  fuel  with  different  weight  percentage 
of  boron. 


Fig.  4  Schematic  diagram  of  experimental  apparatus  used  in  strand- 
burner  tests. 


III.  Strand-Burner  Tests 


Experimental  Approach 


1 


In  this  investigation,  a  windowed  strand  burner  was  used 
to  study  the  combustion  behavior  of  boron/poiy(BA_MO/ 
NMMO)  fuel-rich  solid  propellants.  Figure  4  shows  a  sche¬ 
matic  diagram  of  the  windowed  strand  burner.  A  sample  (S 
mm  in  diameter  and  60  mm  in  length)  was  mounted  vertically 
in  the  chamber.  Ignition  of  the  sample  was  achieved  by  send¬ 
ing  an  electric  current  to  a  nichrome  wire,  pierced  through 
the  test  sample  about  3  mm  from  the  top  surface.  To  deter¬ 
mine  the  burning  rate  of  the  test  sample,  the  image  of  a  scale 
was  optically  overlapped  on  that  of  the  test  sample  by  a  semi¬ 
transparent  mirror.  During  a  test,  both  images  of  the  scale 
and  the  test  sample  were  recorded  by  a  video-recording  sys¬ 
tem.  With  this  technique,  the  burning  rate  could  be  deter¬ 
mined  accurately  from  the  length  of  the  sample  burned  in  a 
certain  time  duration. 

Different  gaseous  mixtures  were  used  to  pressurize  the  strand 
burner  for  studying  the  effect  of  ambient  gas  environment  on 
the  combustion  behavior  of  borcn/poly(BAMO'NMMO)  fuel- 
nch  solid  propellants.  The  chamber  pressure  was  maintained 
at  a  preselected  level  by  a  computer-controlled  gas  supply 
system.  Fine-wire  thermocouples  (platinum/p'atinum-13% 
rhodium)  were  embedded  in  the  test  sample  to  measure  the 
thermal-wave  structure.  Detailed  descriptions  of  the  com¬ 
puter-controlled  gas  supply  system,  preparation  of  the  fine- 
wire  thermocouples,  their  embedding  in  the  propellant  sam¬ 
ples.  and  the  data  acquisition  system  can  be  found  in  Refs. 
14  and  15.  The  combustion  residues  from  the  strand-burner 
tests  were  collected  and  examined  by  a-i  SEM.  The  boron 
compounds  in  the  combustion  residues  were  determined  with 
an  x-ray  diffraction  analysis  technique. 

The  effect  of  the  boron  content  and  chamber  pressure  on 
the  burning  behavior  of  boron/poly(BAMO/NMMO)  fuel- 
rich  solid  propellants  was  examined  by  testing  five  composi¬ 
tions  with  different  boron  weight  percentages  (0.  5,  10.  29, 
40)  at  various  pressures  ranging  from  0.241-1.034  MPa  (35- 
150  psia). 


Result*  and  Discussion  of  Strand-Burner  Test* 

The  measured  strand  burning  rates  in  air  as  a  function  of 
pressure  for  the  five  compositions  of  test  samples  are  shown 
in  Fig.  5.  Error  bars  given  in  this  figure  are  defined  as  i2  <x 
(standard  deviation).  The  burning  rates  for  alt  compositions 
increase  as  the  pressure  increases.  It  is  interesting  to  note  that 
the  burning  rate  increases  with  increasing  boron  weight  per¬ 
centages  up  tc  a  certain  boron  content  and  then  decreases. 


Fig.  i  Effect  of  boron  weight  percentage  on  burning  rate  of  boron/ 
pcly(BAMO/NMMO)  solid  fuels  at  a  fixed  pressure. 


In  order  to  examine  this  effect,  the  burning  rates  for  the  five 
types  of  test  samples  at  1.034  MPa  (150  psia)  along  with  the 
burning  rate  data  for  17.6%  boron/poly(BAMO/NMMO)  from 
Ref.  5  are  plotted  in  Fig.  6.  It  was  found  that  the  highest 
burning  rate  occurs  between  17.6  and  29%  boron  content. 

Figure  7  shows  the  measured  temperature  profile  obtained 
using  a  50-fim  R-type  thermocouple  embedded  in  a  29%  bo- 
ron/poly(BAMO/NMMO)  sample,  at  a  combustion  pressure 
of  0.345  MPa  (50  psia)  in  air  atmosphere.  The  burning  surface 
temperature,  indicated  by  a  sudden  jump  in  the  slope  of  tem¬ 
perature  near  the  surface,  was  found  to  be  205’ C.  Thii  mea¬ 
sured  burning  surface  temperature  agrees  well  with  the  de¬ 
composition  temperature  of  the  fuel-rich  propellant  samole 
from  TGA  tests  at  a  pressure  of  1  atm.  The  burning  surface 
temperature  T,  for  29%  boron/poly(BAMO/NMMO)  in¬ 
creases  monotonically  with  chamber  pressure,  ranging  from 
200°C  at  0.24  MPa  (35  psia)  to  300’C  at  1.03  MPa  (150  psia). 
The  burning  surface  temperature  is  also  found  to  be  a  function 
of  boron  weight  percentage.  At  1.03  MPa,  T,  is  nearly  con¬ 
stant  (=*30G-310°C)  for  samples  containing  5,  10,  17.6.  and 
29%  boron  particles;  it  drops  to  260°C  for  the  sample  with 
40%  boron  particles.  It  is  noted  that  the  subsurface  temper¬ 
ature  profile  shown  in  Fig.  7  does  not  follow  the  exponential 
form,  which  is  commonly  observed  or  theoretically  derived 
for  inert  heating  zones  with  constant  thermal  properties.  This 
departure  from  the  exponential  form  is  believed  to  be  caused 
mainly  by  the  subsurface  reactions  of  poly(BAMO/NMMO) 
binders,  as  discussed  in  the  earlier  section.  Beyond  the  burn¬ 
ing  surface,  the  thermocouples  continue  to  measure  the  tem¬ 
perature  of  the  media  in  the  two-phase  reacting  region.  Some 
irregularities  of  the  temperature-time  trace  are  noticeable; 
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Fig.  7  A  typical  measured  temperature-time  tract  from  a  strand- 
burner  test  using  a  5®-/tm  fine-wire  thermocouple. 

the  irregularities  could  be  caused  by  the  complex  structure  of 
the  reacting  zone  described  below. 

A  schematic  description  of  the  physicochemical  processes 
occurring  in  the  combustion  of  boron  po!y(BAMO/NMMO) 
fuel-rich  solid  propellant,  together  with  the  temperature  pro¬ 
file  in  the  condensed  and  two-phase  reacting  regions,  is  shown 
in  Fig.  8.  Several  zones  can  be  defi.  d  based  upon  the  major 
physicochemical  processes  taking  place  in  the  specified  do¬ 
mains.  Ir.  zone  1,  the  condensed  phase  material  is  being  heated 
and  there  are  no  chemical  reactions  whatsoever.  At  the 
boundary  between  zone  1  and  zone  2.  decomposition  of  B AMO 
polymer  starts  around  130°C  (measured  under  vacuum).’  As 
one  approaches  a  higher  temperature  region  near  the  “burn¬ 
ing  surface."  decomposition"  of  NMMO  polymer  occurs  near 
190°C.  The  measured  temperature  of  the  so-called  “burning 
surface"  is  around  205°C.  Near  the  interface  between  the 
subsurface  reaction  zone  (zone  2)  and  the  first-stage  com¬ 
bustion  zone  (zone  3),  there  are  certain  residues  (containing 


B.Oj,  HjBOj,  B,  BN,  etc.)  accumulated  on  the  “burning 
surface.” 

In  the  lower  portion  of  the  first-stage  combustion  zone,  the 
boron  particles,  coated  with  a  thin  layer  (on  the  order  of  tens 
of  Angstroms)16  of  solid  boron  oxide,  enter  the  hot  combus¬ 
tion  environment  as  low  temperature  solids.  As  described  by 
King17  and  Faeth.  14  heat  transfer  from  the  reaction  zone 
causes  the  panicle  temperature  to  rise  with  the  B:03  layer 
melting  at  roughly  455'C.  Boron  and/or  oxygen  diffuse  across 
the  oxide  layer  and  tend  to  react  more  rapidly  with  the  in¬ 
crease  of  particle  temperature  as  particles  move  in  the  upward 
direction.  This  gives  rise  to  a  First-stage  ignition  of  B/B-03 
particles,  where  reaction  rates  suddenly  increase  with  ap¬ 
pearance  of  luminosity.  According  to  a  number  of  researchers’ 
observations  summarized  by  Faeth,1*  this  first-stage  reaction 
appears  to  slow  down  almost  immediately  after  the  appear¬ 
ance  of  luminosity.  This  reduction  of  luminosity  is  believed 
to  be  caused  by  the  thickening  of  the  boron-oxide  layer.  Fur¬ 
ther  increase  of  8/B-Oj  particle  temperature  causes  rates  of 
evaporation  of  boron  oxide  to  increase,  thus  reducing  the 
thickness  of  the  oxide  layer.  Eventually,  when  the  evaporation 
rate  of  the  oxide  layer  is  sufficiently  large  to  remove  the  oxide 
layer,  a  second-stage  ignition  is  attained  at  about  !627tC. 
From  there  on.  the  boron  particles  are  exposed  directly  to 
the  ambient  oxidizers  and  relatively  fas;  z-oion  combustion 
takes  piace.  The  above-mentioned  processes  are  depicted  in 
Fig.  8. 

To  explain  the  dependence  of  burning  rate  as  a  function  of 
boron  weight  percentage  (as  shown  :r.  Fig.  6),  it  is  useful  to 
consider  the  measured  temperature-time  traces  under  vanous 
conditions.  As  mentioned  above,  the  surface  temperatures  of 
the  burning  fuel-rich  propellant  sample  tested  m  this  study 
are  quite  lew  (~205'C).  The  boron  particles  with  oxide  coat¬ 
ing.  ejected  into  the  gas  phase,  serve  as  an  ‘energy  sink”  to 
absorb  a  part  of  the  energy  generated  by  the  reaction  of 
pyrolysis  products  of  the  energetic  BAMO/NMMO  binder. 
When  the  boron  weight  percentage  is  low  (:£20%).  the 
B/B.O,  particles  can  reach  the  second-stage  ignition  temper¬ 
ature  of  1900°K  (1627’C).  A  high  amount  of  heat  release  is 
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Fig.  8  Physicochemical  processes  In  the  combustion  of  boron/polyiBAMO/NMMO)  solid  fuel  In  air. 
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Table  2  Measured  maximum  combustion  product  temperatures  for 
poly(BAMO/NMMO)-based  solid  fuels  with  various 
boron  content  (p  =  1.034  MPa) 


Boron  weight 
percentage 

5.0 

10.0 

17.6' 

29.0  40.0 

Maximum 
tempera¬ 
ture.  'C 

>1800* 

>1800° 

>1800° 

970  760 

'From  Ref.  5. 
'Dunng  the  tests, 
calibration  range. 

the  output 

voltage  ot  R  type  thermocouples  exceeded  the 

Table  3  Presence  of  boron  nitride  in  combustion  residues  of 
boron/polv(BAMO/NMMO)  fuel-rich  solid  propellants 
burned  in  air 

Boron  weight 
percentage 

Pressure.  MPa 

0.241 

0  345 

0  690 

1.034 

5.0 

SO.O 

17.6' 

29.0 

40.0 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Small 

amount 

None 

None 

None 

Small  amount 
Significant 
amount 

Small  amount 

'From  Ret.  J. 


obtained  due  to  efficient  boron  combustion.  The  heat  feed¬ 
back  to  the  burning  surface  is  high,  and  the  burning  rate  is 
enhanced  by  the  increase  of  boron  content  in  the  fuel-rich 
propellant.  However,  as  the  boron  content  exceeds  a  certain 
critical  value  (-20%).  the  "energy  sink"  effect  becomes  a 
dominant  factor  in  reducing  the  heat  feedback  to  the  burning 
surface.  This  reduction  is  due  either  to  the  unattatnment  of 
the  so-called  second-stage  ignition  temperature  or  the  exten¬ 
sion  of  the  active  reaction  zone  to  a  much  further  distance 
from  the  burning  surface. 

To  verify  the  above-mentioned  hypothesis,  temperature 
measurements  of  the  combustion  p-oducts  of  the  two-phase 
reacting  media  were  made  with  fine-wire  thermocouples.  The 
maximum  temperatures  measured  f:om  the  combustion  of 
solid  fuels  with  different  amounts  of  boron  content  are  listed 
in  Table  2.  It  is  iseful  to  note  that  when  the  boron  percentage 
is  17.6%  or  below,  the  measured  maximum  temperature  ex¬ 
ceeds  the  second-stage  ignition  temperature  of  boron  of  162TC. 
For  29  and  40%  boron,  the  measured  maximum  temperatures 
were  much  lower.  This  Finding  supports  the  "energy  sink" 
postulation  for  explaining  the  burning-rate  behaviors  of  fuel- 
rich  solid  propellants  with  various  beron  contents.  3esides 
the  "heat  sink"  postulation,  the  effect  of  agglomerate  'izes 
generated  from  fuel-nch  solid  propellants  wnh  different  boron 
cortents  can  also  be  used  »o  explain  part  of  the  burnmg-rate 
behavior  ot  ct  red  in  this  study.  The  size  of  the  boron  ag¬ 
glomerates.  which  are  ejected  from  the  surface  in  the  burning 
process,  may  increase  significantly  for  higher  boron  concen¬ 
tration.  The  large  agglomerate  size  may  result  in  poor  ignition/ 
combustion  characteristics,  and  consequently  in  icwcr  flame 
temperature.  lower  heat  feedback,  and  lower  burning  rates. 
However,  this  agglomerate  size  effect  can  only  be  adopted  to 
explain  why  the  burning  rate  decreases  with  increased  boron 
content,  when  the  boron  content  is  greater  than  20%.  This 
reasoning  cannct  be  used  to  expiain  the  fact  th,.t  when  the 
boron  content  is  less  than  a  critical  percentage,  tne  burning 
rate  increases  with  the  boron  content  as  observed  in  this  study. 

After  each  strand-burner  test,  the  combustion  residues  were 
collected  for  5EM  examination  and  x-ray  diffraction  analysis. 
From  the  results  of  x-ray  diffraction  analysis,  significant  amounts 
of  boron  nitride  (BN)  in  hexagonal  crystalline  form  were  found 
for  the  tests  conducted  at  1.034  MPa  (150  psia)  with  29% 
boron/poly(BAMO/N\!MOi.  For  other  tests,  the  amounts  of 
BN  found  in  the  combustion  residues  were  much  lower,  as 
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indicated  in  Table  3.  Besides  BN  found  in  certain  test  con¬ 
ditions.  other  major  boron  compounds  detected  by  x-ray  dif¬ 
fraction  analysis  were  B:0}  and  HjBOj.  These  two  com¬ 
pounds  were  found  in  residues  from  all  test  conditions  listed 
in  Table  3.  The  importance  of  this  finding  of  BN  was  discussed 
in  the  earlier  part  of  this  paper.  It  is  useful  to  note  that  the 
amount  of  residue  recovered  from  strand-burner  tests  in¬ 
creases  with  the  percentage  of  boron.  No  residue  was  found 
after  tests  with  pure  BAMO/NMMO  conolvmer.  The  flame 
is  generally  faint  at  low  pressures,  but  at  high  pressures  (p  > 
0.69  MPa),  the  flame  becomes  much  brighter.  Some  streak 
tines  of  the  burning  B/B;03  pai  tides  can  be  seen  from  high¬ 
speed  video  images. 

Figures  9  and.  10  are  SEM  pictures  showing  the  HjBOj  and 
BN  crystal  structures  in  the  combustion  residues  from  tests 
with  29%  Boron/polv(BAMO/NMMO)  in  air  at  0.345  MPa 
(50  psia)  and  1.'034  MPa  (150  psia).  respectively.  In  order  to 
identify  the  source  of  nitrogen  in  the  formation  of  boron 
nitride,  a  set  of  strand-burner  tests  using  Boron/polvfBAMO/ 
NMMO)  solid  fuel  with  40%  boron  were  conducted  with  a 
mixture  of  21%  0;  and  79%  Ar  (volumetric  ratio)  at  1.034 
MPa  (150  psia).  In  contrast  to  the  test  condition  with  air. 


»)  Magnification  20X 


b)  Magnification  350X 

Fig.  9  SEM  pictures  showing  the  crystal  structure  of  HjBO,  in  th 
combustion  residue  of  bororvpolyl  BAMO/NMMO)  solid  fuels  iwii 
29 Si  boron)  burned  In 'air  at  0.34S  MPa. 
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b)  3Q0X 

Fig.  10  SEM  pktu'  cs  showing  the  presence  of  boron  nitride  I  BN)  in 
the  combustion  resioue  of  boron/  pcIvtBAMO/NMMO)  solid  fuels  iwith 
29%  boron), burned  in  air  at  1.03d  MPa. 

boron  nitnde  was  not  found  in  the  combustion  residues  from 
these  tests.  This  implies  that  the  nitrogen  invoked  in  the 
boron  nitridation  comes  from  the  air  but  not  from  the  nitrogen 
in  the  p0ly(8AMO/NMMOl  under  the  testing  condition.  This 
may  be  explained  by  the  fact  that  the  release  cf  N:  from 
(BAMO/NMMO)  copolymer  begins  at  130°C  and  ends  at  about 
205°C,  At  these  low  temperatures,  boron  particles  are  not 
reactive  with  nitrogen.  In  principle,  the  gaseous  nitrogen  py- 
rclvzed  from  the  copolymer  could  still  react  with  boron  >n  the 
high-temperature  zones.  Certain  chemical  resc'ions  must  oc¬ 
cur  to  consume  the  gaseous  nitrogen  before  reaching  the  high- 
temperature  2ones.  Detailed  chemical  kinetic  steps  a-e  -c- 
quired  to  understand  this  interesting  observation. 

IV.  Summary  and  Conclusion 

1)  The  steady-state  combustion  characteristics  of  boron/ 
poly  (BAMO/NMMO)  futi-nch  solid  propellants  have  been 
studied  under  various  pressure  conditions  for  compositions 
with  different  boron  weight  percentages  Thermochemicai  and 
thermoanalytica!  studies  and  strand  burner  tests  weis  con¬ 
ducted  in  a  systematic  fashion. 

2)  From  thrr  SFRj  performance  point  of  view,  there  are 
both  advantages  and  disadvantages  of  using  BaMO.NMMO 


copolymcr-based  fuels  as  compared  to  conventional  HTPB- 
based  fuels.  The  advantages  are  mainly  due  to  its  vigorous 
pyrolysis  characteristics  for  dispersing  boron  particles  from 
surface  reaction  zones  into  the  main  reaction  zone.  Therefore, 
high  boron  combustion  efficiency  can  be  expected.  The  sec¬ 
ond  advantage  can  be  attributed  to  its  higher  performance  at 
lower  air-to-fue!  ratios,  since  it  contains  a  certain  fraction  of 
oxygen  and  thus  requires  less  ambient  oxygen  to  burn.  The 
disadvantages  of  BAMO/NMMO  copolymer-based  fuels  are 
essentially  due  to  their  lower  performance  at  normal  SFRJ 
operating  conditions.  This  lower  performance  is  caused  by 
their  lower  heats  of  reaction,  resulting  t>om  lower  hydrocar¬ 
bon  content,  in  comparison  with  conventional  hydrocarbon 
fuels  (such  as  HTPB),  despite  their  high  positive  heats  of 
formation. 

3)  Addition  of  boron  particles  in  BAMO/NMMO  copoly¬ 
mer  fuels  aiwavs  increases  thd  theoretical  performance  of  so'id 
fuels. 

4)  TGA  results  show  that  the  pvioiysis  characteristics  of 
borompolyf BAMO/NMMO)  fuel-ncb  propellants  are  nearly 
unaffected  by  the  percentage  of  boron  content. 

5)  Formation  of  hexagonal  crystalline  beron  nitride  (BN) 
in  the  combustion  residues  of  boron<po!y(BAMO/NMMO) 
solid  fuels  was  observed  experimentally.  Thermoequilibrium 
calculations  show  the  existence  of  BN  only  at  high  equivalence 
ratios  Under  these  conditions,  some  performance  gams  can 
be  obtained  even  though  the  heat  of  react>on  in  forming  BN 
is  less  than  one-half  of  that  in  forming  &;03.  Tins  implies  that 
boron  nitridation  could  be  important  and  deserves  further 
study. 

6)  The  burning  rates  of  boron/polv(  BAMO/NMMO)  fuel- 
rich  propellants  were  found  to  depend  strongly  upon  boron 
weight  percentage  and  presrure.  Burning  rate  increases  with 
boron  percentage  up  to  the  vicinity  of  20 <7c  and  then  de¬ 
creases.  An  "energy  sink"  hypothesis  has  been  proposed  to 
expiatn  this  dependency.  Thermocouple  measurements  of  the 
maximum  temperature  of  combustion  p-cducts  support  this 
hypothesis.  This  hypothesis  suggests  that  3-.  the  boron  particle 
weight  percentage  exceeos  a  critical  level,  they  absorb  a  sig¬ 
nificant  .'.mount  of  energy  from  the  reaction  zone  and  thereby 
reduce  the  energy  feedback  to  the  propellant  surface.  Also, 
boron  particles  under  such  high  concentration  conditions  may 
not  oxidize  to  form  the  second-stage  vigorous  combustion 
zone  near  the  burning  surface. 

Acknowledgments 

This  paper  represents  a  part  of  the  research  work  conducted 
under  Contract  N00014-86-K-0468  funded  by  the  Office  c>? 
Naval  Research.  Arlington.  VA.  The  support  and  encour¬ 
agement  of  Drs.  Richard  S.  Miller  and  Gabriel  D.  Roy  are 
highly  appieciaied.  The  authors  wcGd  also  like  to  thank  Mr. 
Geraid  E.  Manser  of  the  Aerojet  Solid  Propulsion  Co.  for 
providing  the  fuel-ncn  solid  propellants  used  m  this  study. 

References 

‘Manser.  G.  £..  Fletcher.  R.  W_.  arid  Knight.  M.  R  .  “High  En¬ 
ergy  Binders.  Final  Report.”  Morion  Thickol.  !nc.,  Bngham  Ciiy. 
UT.  Protect  JMlOl.  June  idP.S, 

-Oyur.n.  Y  ,  am)  Bnli.  T.  B..  "Thermal  Decomposition  of  En¬ 
ergetic  Materials  14.  Selective  Product  Dtstnbuuons  Evidenced  m 
Rapid.  Real-Time  Thermolysis  of  Nitrate  Esters  at  Varans*  Pt«- 
si-tcs."  Combustion  and  Home.  Vo!,  66.  No.  1.  Ocr.  1SS6.  pp  9- 
16. 

''Lindsay.  G.  A..  Talufcdcr.  M.  A.  H..  Nissan.  R.  A..  Ouimana. 
R.  1..  Hasting.  M.  A.  S..  Yce.  R.  Y..  Nadlcr.  M.  P,.  Atwood.  A. 
1..  Retd.  R..  and  Manser.  G.  E..  "Energetic  Polyoxciane  Thermo¬ 
plastic  Elastomers:  Synthesis  and  Characterization. "  Naval  Weapons 
Center.  China  Lake.  CA.  TP  694S.  Dec.  !SS3 

‘Pereu.  A..  Some  Theoretical  Considerations  cf  Metal-Fluoro¬ 
carbon  Compositions  for  Ramjet  Fueis.  Frecadmp  of  d tr  Sth  In¬ 
ternational  Symposium  on  Air-Breathing  Engines.  Cincinnati.  OK. 
June  1987 

'Chen.  D.  M.,  Hsieh.  W.  !i..  Snyder.  T  S..  Yang.  V  .  and  Kuo. 


i 


W.-H.  HSIEH  ET  AL. 


J.  PROPULSION 


395 


K  K.  "Study  of  the  Thcrmophysica!  Properties  and  Combustion 
Behavior  of  Metal-Based  Solid  Fuel',"  AIAA  Paper  8S-3041.  July 
1988. 

‘Weber.  J  0..  and  Mueller,  K.  H.,  "Metals  Burning  Nitrogen." 
Chc.tv'J  Engineering  Progress.  Vol.  60.  No  2.  Feb  196t.  pp  40- 
41. 

’Gordon.  S..  McBride.  B.  J..  and  Zelezmk.  F  J  .  "Computer 
Program  for  Calculation  of  Complex  Chemical  Equilibrium  Com- 
pos’ticns  and  Applications.  Supplement  I— Transport  Properties.” 
NASA  TM-S6335.  Oct.  1984. 

'Xing,  M.  X..  Atlantic  Research  Coro.,  personal  communication. 
Jan.  1990. 

Taro er  M.,  Harris.  S.  P  .  and  Szivastava.  R  D.,  "Mass  Spec- 
tronictric  Kine'ic  Studies  or.  Several  Azide  Polymers."  Combustion 
and  Flams.  Vol.  35.  N*>  2.  Feb.  2984  pp.  203-22! 

‘"Ctwbi,  Y.,  and  Brill.  T  3..  "Thermal  Decomposition  of  En¬ 
ergetic  Materials  12.  Infrared  spectral  and  Rapid  Thermolysis  Studies 
of  Azide-Containing  Monomers  an 6  Polvmers,"  Combustion  and 
Finns.  Vol.  65.  No.  2.  Aug.  1986.  pp  177-135. 

'■Oyumt.  Y  .  and  Brill.  T.  B..  "Thermal  Decomposition  of  En 
ergetic  Materials  22.  The  Centreline  Effects  of  Pressure  on  the  H:gh- 
Rate  Thermolvsis  of  34  Enereetic  Compounds."  Combustion  and 
Flame.  Vol.  68.  No.  2.  May  1987.  pp  209-216. 

,:Farber.  M..  Hams.  S.  P..  and  Stnvastava.  R.  D..  "Mats  Spec- 


trometric  Investigation  of  the  Thermal  Decomposition  of  '‘everai 
Propellant  and  Explosive  Ingredients."  Space  Sciences.  Inc..  Mon¬ 
rovia.  CA.  Project  NR092-554.  Feb.  1986. 

"Kubota,  N.,  Kuwahara.  T..  Miyazaki,  S..  Uchivama.  X..  and 
Hirata.  N..  "Combustion  Wave  Structures  of  Ammonium  Perchlorate 
Composite  Propellants."  Journal  of  Propulsion  and  Power.  Vol.  2. 
No.  4.  July- Aug.  1986.  pp.  296-300. 

l4Hsteh.  W.  H..  and  Kuo.  X.  X..  “Study  of  Erosive  and  Strand 
Burning  of  Stick  Propellants.  Pt.  I.  Measurements  of  Burning  Rates 
3nd  Thermal  Wave  Structures."  Journal  of  Propulsion  and  Power. 
Vol.  6.  No.  •».  1950.  pp.  392-399. 

"Hsien,  W.  H..  "Study  of  Strand  and  Erosive  Burning  of  NOSOL- 
363  Stick  Propellants."  Ph.D.  Thesis.  The  Pennsylvania  State  Umv., 
PA.  Aug.  1987. 

"Glassman,  1...  Williams.  F.  A.,  and  Ar.taki.  P..  “A  Physical  and 
Chemical  Interpretation  of  Boion  Particle  Combustion."  19th  JAN- 
N'Af  Combustion  Meeting.  CP! A  Publication  366.  Vol.  I,  1982.  p. 
63. 

‘’King.  M.  X..  “Ignition  and  Combustion  of  Boron  Panicles  and 
Clouds,"  Journal  of  Space  and  Rocke't,  v'ol.  19,  No.  4,  Julv-Aug., 
1982.  pp.  294-300. 

"Faeth.  G,  M..  "Status  of  Boron  Combustion  Research."  21st 
jANNAF  Combustion  Mett.ng,  CP1A  Publication  412.  Vol.  I,  Oct. 
1584.  pp.  15-29. 


Recommended  Reading  from  the  AIAA 
Progress  in  Astronautics  and  Aeronautics  Series  . 


4AIAA 


Thermal  Design  of  Aeroassisted 
Orbital  Transfer  Vehicles 

hi.  F.  Nelson,  editor 

Underscoring  the  importance  of  sound  *hermophys:cai  knowledge  in  spacecraft 
design,  this  volume  emphasizes  effective  use  of  numerical  analysis  and  presents 
recent  advances  and  current  thinking  about  'he  design  of  aeroassisted  orbital  transfer 
vehicles  (AOTVs).  its  22  chapters  coyer  flow  field  analysis,  trajectories  (including 
impact  of  atmospheric  uncertainties  and  viscous  interaction  effects),  thermal  protec¬ 
tion,  and  surface  etfects  Sucn  3s  temperature-dependent  reaction  rate  expressions  for 
oxygen  recombination;  surface-ship  equations  for  low-Reynolds-number  multicompo¬ 
nent  air  flow,  rate  chemistry  in  flight  regimes,  and  noncatalytic  surfaces  for  metallic 
heat  shields. 


ro  ORO&t:  wm«.  Phon*  or  FAX: 

Am*ne*n  Initem#  of  Aeronautic*  and  Astronaut**, 
t/c  TASCC.  9  Jay  Gook)  Q..  P.O.  Bo*  753.  Waktorl.  Mp  20604 
Phona  pot)  *45-560.  Oast.  05  •  FAX  (301)  £0-0159 
San  Tas:  CA  rmoanu.  7*5.  DC.  5H  F o>  truopmj  ana  hanOhng  add 
$4.75  »o»  t-4  DOOM  icon  lor  >»:«  *or  rug**  c  ;4nj«tj  Ous»n  uns* 
$50  CO  «*.-5l  Da  crapaiO  Fcra«6n  e roar*  muss  Da  pnc*"0  pit 4M  aso.o 
4  Mfu  let  eauveiy  Pncas  af>  fuSiacl  to  disrya  mtnout  nooca 
Paturr.*  w3  ha  aecaptao  wtivn  15  say* 


’985  Sfc'S  pp.,  liiuft,  Hardback 
IStlN  0-2I5928-S4-9 
A!AA  Momfcer*  S54.9S 
Nonrnemher*  SSI  .55 
Order  Numbsr  V-SS 


1988  Technical  Meeting  or  rntTEastcir 
Section  of  the  Comb.  Inst.  Dec.  5-7 
Clearwater  Beach,  FL 

OF  ADVANCED  80R0N-BASED  ”6 

MFT(j7RtMTan:^rc:H"i,runriT  - * 


APPENDIX  4.2 
STRAND-BURNING  CHARACTERISTICS 


W.  H.  Hsiah/  0.  J.  Cheng, +  and  K.  K.  Kuo^ 
Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


I.  Introduction 


Due  to  its  extreme ''y  high  volumetric  heating  value,1  boron  has  been 
one  of  the  most  attractive  elemental  metal  for  use  in  air-breathing  ramjet 
propulsion  systems.  However,  the  low  combustion  efficiency  of  boron  has 
always  been  an  obstacle  in  utilizing  boron-based  fuel-rich  solid 
propellants  in  ramjet  engines.  The  low  combustion  efficiency  of  elemental 
boron  is  mainly  caused  by  its  high  melting  temperature  of  2450CK  and 
boiling  temperature  of  3931°K.  In  addition,  the  protective  boron  oxide 
layer  that  encloses  the  boron  particle  further  hinders  the  reaction  of 
boron  with  surrounding  oxidizer.  Recently,  a  novel  and  highly  energetic 
polymetric  binder,  3,3-bis(azido-methyl )  oxetane  (BAMO),  and 
3-nitratomethyl  3-methyl  oxetane  (NMMO),  was  synthesized  by  Manser  et  al. 
to  be  mixed  with  boron.  Due  to  the  potentially  high  energetic  azido  and 
nitrato  grcups  associated  with  their  chemical  structure,  this  type  of 
binder  can  generate  extremely  high  heat  of  combustion  and  highly  turbulent 
pyrolysis  gases  to  enhance  the  burning  of  boron  particles.  To  date,  no 
basic  research  has  been  conducted  to  study  the  combustion  behavior  or  to 
characterize  the  thermo-chemical  properties  of  the  newly  developed 
boron-based  BAMO /NMMO  fuel-rich  solid  propellant.  The  objectives  of  this 
work  are:  1)  to  study  the  combustion  behavior  of  boron/BAMO/NMMO  fuel-rich 
solid  propellants;  2)  to  determine  the  burning  rates  of  these  propellants 
as  functions  of  pressure  by  using  a  windowed  strand  burner;  3)  to  measure 
the  thermal-wave  structure  by  fine-wire  thermocouples;  and  4)  to  examine 
the  effect  of  boron  weight  percentage  on  burning  rate. 

II.  Experimental  Approach 

In  this  study,  a  windowed  strand  burner  was  used  to  study  the 
combustion  behavior  of  boron/BAMO/NMMO  fuel-rich  solid  propellants. 

Figure  1  shows  a  schematic  diagram  of  the  windowed  strand  burner.  A  sample 
(5  mm  ’n  diameter  and  60  mm  in  length)  was  mounted  vertically  in  the 
chamber.  Ignition  of  the  sample  was  achieved  by  sending  an  electric 
current  to  a  nichrome  wire,  pierced  through  the  test  sample  about  3  mm  from 
the  top  surface.  To  determine  the  burning  rate  of  the  test  sample,  the 
image  of  a  scale  was  optically  overlapped  on  that  of  the  test  sample  by  a 
semi-transparent  mirror.  During  a  test,  both  images  of  scale  and  test 
sample  were  recorded  by  a  video  recording  system.  With  this  technique,  the 
burning  rate-  could  be  determined  very  accurately  from  the  length  of  the 
sample  burned  in  a  certain  time  duration. 
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Either  nitrogen  gas  or  air  were  used  to  pressurize  the  strand  burner 
for  studying  the  effect  of  ambient  gas  environment  on  the  combustion 
behavior  of  boron (BAMO/NMMO)  fuel-rich  solid  propellant.  The  chamber 
pressure  was  maintained  at  a  preselected  level  by  a  computer-controlled  gas 
supply  system,  which  consisted  of  a  pressure  transducer  (Validyne  DP  215), 
a  carrier  demodulator  (Validyne  CD  15),  a  solenoid  valve  (Skinner  XLB 
11002),  and  an  I8M/AT  personal  computer. 

Fine-wire  thermocouples  (Platinum/P latinum-13%  Rhodium)  were  embedded 
in  the  test  sample  to  measure  the  thermal-wave  structure  of  the  test  sample. 
The  thermocouples  (with  50  ym  wire  diameter)  used  in  this  study  were 
prepared  by  the  authors  at  The  Pennsylvania  State  University.  A  detailed 
description  of  the  preparation  of  thermocouples  and  embedding  them  in  the 
test  samples  is  given  in  Ref.  3. 

III.  Results  and  Discussion 


In  order  to  examine  the  effect  of  boron  weight  percentage  on 
combustion  behavior,  two  types  of  boron (BAMO/NMMO)  fuel-rich  solid 
propellants  were  used — one  containing  29%  boron  with  a  mean  diameter  of  0.5 
ym,  and  the  other  containing  30%  0.5  ym  boron  powders  and  10%  20  urn  boron 
powders.  Figure  2  shows  the  strand  burning  rates  in  air  as  a  function  of 
pressure  for  both  types  of  test  samples.  The  burning  rate  data  for  both 
types  of  samples  follows  the  Saint-Robert's  law  very  well,  and  can  be 
expressed  as  rjj  «  apn,  where  rp  and  p  are  in  units  of  rran/sec  and  kPa, 
respectively;  values  of  a  and  n  are  given  in  the  figure.  It  is  interesting 
to  note  that  the  burning  rate  for  the  test  sample  containing  29%  boron 
powders  is  significantly  higher  than  that  of  the  test  sample  containing  40% 
boron  powders.  Near  the  burning  surface  region,  the  boron  particles 
generated  form  the  burning  surface  enter  into  the  gas  phase  with  an 
existing  solid  non-porous  boron  oxide  coating  on  the  surface.  At  this 
stage  of  combustion  process,  the  boron  particles  serve  as  an  "energy  sink" 
to  absorb  the  energy  generated  by  the  combustion  of  energetic  BAN0/NMM0 
binders.  If  this  favorable  condition  persists,  the  temperature  of  boron 
particles  would  rise  continuously  until  it  reaches  first-stage  ignition  at 
447°C,  when  the  boror.  oxide  layer  melts  to  allow  the  boron  and/or  oxygen  to 
diffuse  across  the  oxide  layer  and  react  with  each  other  rapidly.  However, 
reaction  rate  slows  down  immediately  following  first-stage  ignition,  as  the 
oxide  layer  thickens  and  rates  of  diffusion  for  boron  and/or  oxygen  reduce. 
If  the  gas  phase  surrounding  the  boron  particle  can  further  supply  the 
energy  to  the  boron  particle  and  increase  the  temperature  of  boron 
particle,  the  rates  of  evaporation  of  the  relatively  volatile  boron  oxide 
layer  would  also  increase.  Finally,  at  I730°C,  the  rate  of  oxide 
evaporation  is  sufficiently  large  to  remove  the  oxide  layer,  and  a 
second-stage  ignition  process  occurs.  Then,  a  very  rapid  boron  oxidation 
happens  to  relieve  the  large  amount  of  heat  of  combustion. 

However,  with  the  test  conditions  used  in  this  study,  the  second-stage 
ignition  process  of  boron  particles  was  not  observed  from  the  thermal -wave 
structure  measurement  (to  be  discussed  later)  due  to  the  fact  that  the  heat 
released  from  the  combustion  of  BAMO/NMMO  and  from  the  first-stage  ignition 
of  boron  particles  was  not  sufficient  to  heat  the  large  amount  of  boron 
particles  to  a  temperature  of  I730°C.  Therefore,  in  the  gas-phase  region, 
boron  particles  actually  serve  as  an  "energy  sink"  without  releasing  a 
major  portion  of  their  heat  of  combustion.  As  the  boron  weight  percentage 
in  the  boron (BAMG/NMMQ)  fuel-rich  solid  propellant  increases,  this  “energy 
sink”  phenomena  becomes  more  pronounced  and  reduces  the  energy  feedback 
from  the  gas  phase  to  the  solid  phase;  hence  reducing  the  burning  rate.  A 
second  reason  fo1*  burning  rate  reduction  at  higher  boron  weight  percentages 
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could  be  caused  by  the  increase  of  thermal  diffusivity  of  the  sample  at 
high  boron  weight  percentage.  The  thermal  energy  at  the  surface  layer 
becomes  smaller  as  tnermal  diffusivity  increases.  Burning  rate  of  the  test 
sample  goes  down  with  the  surface  temperature  reduction. 

In  order  to  further  examine  the  effect  of  boron  concentration,  the 
burning  rate  of  pure  BAMO/NMMO  was  ai  >o  measured  at  345  kPa  (50  psia)  in 
air.  The  result  indicated  the  burning  race  was  0.35  mm  for  pure  BAMO/NMMO, 
which  was  significantly  lower  than  chat  of  the  test  sample  with  29%  or  40% 
boron  powders,  as  shown  in  Table  I.  From  Table  1,  it  is  postulated  that 
the  burning  rate  increases  as  boron  weight  percentage  increases,  until  an 
optimum  value  of  boron  weight  percentage  is  reached ;  then  the  burning  rate 
starts  to  decrease  with  the  increase  of  boron  «eigr»t  concentration.  At  the 
optimum  value  of  boron  weight  percentage,  the  heap  released  from  the 
combustion  of  BAMO/NMMO  is  sufficient  to  increase  the  temperature  of  boron 
particles  to  reach  1730°C  for  second-stage  ignition  and  rapid  boron 
oxidation,  and  to  release  the  huge  amount  of  heal  of  combo  it ion  of  boron 
particles  in  the  gas  phase.  However,  this  optimum  value  needs  further 
experimental  verification.  Also,  the  burning  rates  for  fuel-rich  BAMO/NMMO 
solid  propellants  with  1%,  10%,  and  18%  boron  will  be  measured  in  the  near 
future. 

Figure  3  shows  a  measured  temperature  profile  obtained  using  a  50  pm 
R-type  thermocouple  emoedded  in  the  29%  boron/( BAMO/NMMO)  sample,  oith  an 
ambient  pressure  of  345  kPa  (50  psia).  The  burning  surface  temperature 
indicated  by  a  sudden  temperature  jump  at  the  burning  surface,  is  found  to 
be  about  200°C.  The  maximum  measured  temperature  was  760°C  at  1.2  cm  above 
the  burning  surface  (5.2  sec.  after  the  thermocouple  detected  the  burning 
surface  temperature).  This  measured  maximum  temperature  is  increased 
monotonically  with  ambient  pressure,  as  shown  in  Table  2.  It  is  noted  that 
the  measured  maximum  temperature  does  not  exceed  the  second-stage  ignition 
temperature  of  boron  particles  (1730°C).  This  implies  that  the  combustion 
of  boron  did  not  reach  second-stage  ignition  for  this  set  of  strand  burner 
tests. 

Table  1.  Effect  cf  3orcn  Weight  Percentage  on  the 
Burning  Rate  at  345  kPa  (50  psia)  in  Air 
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BURNING-RATE  CHARACTERISTICS  OF  BORON/[BAMO/ 
NMMO]  FUEL-RICH  SOLID  PROPELLANT  UNDER  BROAD 
RANGES  QE  PB.ESSURE  AND  TEMPERATURE* * * § 

A.  S,  Yang,$  I.  T.  Huang, fW,  H.  Ksieh.f  and  K.  K.  Kuo§ 

Department  of  Mechanical  Engineering 
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ABSTRACT 

Burning-rate  characteristics  of  pure  and  10%  boron-based  2,3  -  bis  (azido-  methyl) 
oxeiane  (BAMO),  and  3  -nitratomethyl  3  -methyl  oxeUne  (NMMO)  copolymer 
fuel-rich  solid  propellants  in  air  atmosphere  have  been  studied  using  a  pressure  and 
temperature  controlled  test  chamber  with  optical  windows.  The  temperature  and 
pressure  ranges  of  test  firings  were  —10  to  60°C  and  240.5  to  1030-6  KPa  (35  io  150 
psia),  respectively.  Temperature  sensitivity  of  the  burning  rate,  one  of  the  most 
important  design  parameters  in  practical  application  to  solid-frel  ramjets  (SFRJ) 
and  to  solid-  propellant  ducted  rockets  (SDR),  was  deduced  from  the  experimental 
data.  The  thermrl  wave  structure  of  b  or  o  n  /  ( 3  A  M  0  / N M M 0 )  copolymer  lucl- 
rich  solid  propellants  under  no  cross  low  conditions  was  measured  by  fine-wire 
thermocouples.  From  the  temperature- time  tracer-  recorded  at  a  fixed  chamber 
pressure,  the  burning  surface  temperature  was  found  to  increase  with  the  initial 
temperature.  Furthermore,  tne  combustion  residues  of  uoron/[BAMO/NMMO) 
copolymer  samples,  recovered  from  the  tests  with  different  initial  temperatures, 
were  examined  employing  a  scanning  electron  microscope. 


*  This  paper  represents  a  part  of  the  research  work  supported  by  the  Office  cf 
Naval  Research  (Contract  No.  N00014-86-K-0468)  under  the  management  of  Drs. 
Richard  S.  Miller  and  Gabriel  D.  Roy. 
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NOMENCLATURE 


Symbol  Description 

a  —  Preexponent  of  Saint-Robert’s  burning  rate  law 

&<>j&i)02  =  Coefficients,  Eq.  (3) 

Cp  —  Specific  heat  of  propellant,  cal/g-K 
n  =  Exponent  of  Saint-R.obert’s  burning  rate  law 

P  =  Pressure,  KPa 

Q3  —  Net  heat  released  at  the  burning  surface,  cal/g 

rj  =  Burning  rate,  mm/s 

n  =  Average  burning  rate,  mm/s 

n.k  =  The  ktk  measured  burning  rate,  mm/s 

T  =  Temperature,  °C 

T-;  —  Initial  propellant  temperature,  °C 

T»  —  Burning  surface  temperature,  °C 

x  —  Distance,  cm 

Greek  Symbols 

X3  —  Thermal  conductivity  of  ga?  phase,  cal/cm-sec-K 
pp  Density  of  propellant,  g/cm3 

crp  =  Temperature  sensitivity,  1  /K 


1.  INTRODUCTION 

The  solid-fuel  ramjets  (SFRJ ;  and  solid-propellant  ducted  rockets  (SDR)  have  be¬ 
come  increasingly  important  for  military  applications  due  to  the  advantage  of  allow¬ 
ing  the  incorporation  of  high  energy/high  density  ingredients  in  the  solid  fuels  and 
propellants.  Among  various  elements,  boron  has  been  one  of  the  most  attractive 
elements  because  of  its  extremely  high  volumetric  heating  value.1  However,  it  is 
difficult  to  burn  boron  pejrticlcs  under  ramjet  combustion  conditions,  which  leads 
to  serious  problems  of  ignition  and  combustion  efficiency  in  practical  application 
to  ramjet  propulsive,  systems.  In  a  recent  development  program  2,  this  situation 
was  improved  significantly  with  the  use  of  a  highly  energetic  copolymer  binder,  3, 
3  -  bis  (azido  -  methyl)  oxeiane  (BAMO)  and  3  -  nitratomethyl  3  -  methyl  oxe- 
tane  (NMMO),  which  can  generate  high  heat  of  combustion  and  strong  turbulent 
pyrolysis  gases  to  enhance  the  burning  of  boron  particles. 
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Some  efforts  have  been  made  to  investigate  the  combustion  behavior  of  boron-based 
[BAMO/NMMOj  copolymer  fuel-rich  solid  propellants.  Chen  et  al.3  examined  the 
ignition  and  combustion  characteristics  of  boron/poly  [BAMO/NMMOj  in  detail 
and  pointed  out  the  high  energy  release  from  the  burning  surface  of  copolymer 
[BAMO/NMMOj  can  greatly  improve  the  combustion  efficiency  of  boron.  Hsieh  et 
al.4  further  addressed  that  [BAMO/NMMOj  copolymer-based  fuels  are  superior  to 
conventional  HTPB  fuels  due  to  their  vigorous  pyrolysis  characteristic  for  dispers¬ 
ing  boron  particles  into  the  main  reaction  zone.  In  their  work,  the  burning  rate 
was  found  to  depend  strongly  on  pressure  and  non-monotonicallv  on  boron  content. 
Experimental  results  and  thermoequilibrium  calculations  also  showed  that  the  ex¬ 
istence  of  hexagonal  crystalline  boron  nitride  (BN)  at  high  equivalence  ratios.  The 
heat  released  in  the  boron  nitridation  reaction  is  less  than  one-half  of  that  released 
in  boron  oxidation;  however,  substantial  performance  gains  still  can  be  attained 
through  this  nitridation  reaction  process. 

The  aforementioned  studies  have  deeply  probed  the  fundamental  mechanism  gov¬ 
erning  combustion  behavior  of  boron/[BAMO/NMMOj  copolymer  fuei-rich  solid 
propellants,  and  have  determined  their  burning-rate  characteristics  to  be  a  function 
of  pressure  as  well  as  boron  weight  percentage.  However,  very  limited  research  has 
been  conducted  to  study  the  temperature  sensitivity  of  the  burning  rates  of  these 
fuel-rich  propellants,  even  though  the  initial  propellant  temperature  significantly 
affects  burning  rate,  thrust,  and  burning  time  of  rocket  motors.  The  purpose  of 
this  paper  is  to  study  the  effect  of  initial  temperature  on  the  combustion  behavior 
of  boron/[BAMO/NMMOj  copolymer  fuel-rich  solid  propellants,  with  the  following 
specific  objectives: 

1.  to  determine  the  burning  rate  under  different  initial  propellant  temperatures 
and  pressures; 

2.  to  deduce  the  temperature  sensitivity  from  measured  burning-rate  results; 

3.  to  identify  the  favorable  operating  conditions  of  reducing  the  temperature  sen¬ 
sitivity,  which  can  decrease  the  variation  in  ballistic  performance  of  rocket 
motors  or  SFRJs  at  different  initial  temperatures; 

4.  to  measure  the  thermal  wave  structure  by  means  of  fine-wire  thermocouples 
under  different  initial  propellant  temperatures;  and 

5.  to  investigate  the  effect  of  initial  temperature  on  the  formation  of  BN. 


2.  EXPERIMENTAL  APPROACH 


A  pressure  and  temperature  controlled  test  chamber  with  optical  windows  was  em¬ 
ployed  to  study  the  combustion  characteristics  of  boron/[BAMO/NMMO]  copoly¬ 
mer  fuel-rich  solid  propellants.  The  apparatus  used  in  this  investigation  is  shown 
schematically  in  Fig.  1.  A  fuel  sample  of  5  mm  in  diameter  and  60  mm  in  length 
was  mounted  vertically  in  the  chamber.  Ignition  of  the  sample  was  achieved  by 
sending  an  electrical  current  to  a  nichrome  wire,  pierced  through  the  test  sample 
about  3  mm  from  the  top  surface.  A  scale  was  optically  superimposed  on  the  image 
of  the  sample  by  a  semitransparent  mirror.  The  length  of  the  sample  burned  in 
a  certain  time  span  could  be  accurately  determined  from  both  images  of  the  scale 
and  the  test  sample,  which  were  recorded  by  a  video  recording  system.  From  the 
information  of  the  instantaneous  locations  of  the  burning  surface,  the  burning  rate 
of  the  test  sample  was  deduced. 


FIGURE  1.  Schematic  Diagram  of  Pressure  and  Temperature  Controlled  Test 
Chamber  with  Optical  Windows 
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During  the  test,  air  was  used  to  pressurize  the  test  chamber  and  to  remove  com¬ 
bustion  products  from  the  test  chamber.  Air,  instead  of  nitrogen,  was  used  in  this 
set  experiments  to  simulate  the  combustion  of  fuel-rich  samples  in  an  oxidizer-rich 
environment.  The  chamber  pressure  was  maintained  at  a  prespecified  level  by  a 
computer  feedback-controlled  gas  supply  system.  In  addition,  to  heat  up  or  cool 
down  the  test  sample  to  a  prespecified  initial  temperature,  both  temperatures  of 
chamber  body  and  purge  air  flow  have  to  be  kept  at  the  same  level.  The  cham¬ 
ber  was  surrounded  by  a  constant-temperature  bath  of  silicon  fluid,  of  which  the 
temperature  can  be  preset  at  a  level  between  —40  to  70°C.  A  pump  was  incorporat¬ 
ed  into  this  closed-loop  system  to  provide  a  necessary  driving  force  for  circulation 
purpose.  Through  the  heat  transfer  between  the  chamber  wall  and  the  above- 
mentioned  recirculating  contant-temperature  bath,  a  uniform  stable  temperature  of 
chamber  body  can  be  attained.  It  took  about  two  and  half  hours  to  heat  up  the 
chamber  from  20  to  60°C.  In  test  firings  with  low  initial  propellant  temperature 
(e.g.  -10°C),  the  air  flow  was  precooled  first  in  a  cryogenic  heat  exchanger,  op¬ 
erated  by  means  of  liquid  nitrogen,  down  to  the  temperature  which  was  typically 
lo^C  lower  than  the  prespecified  level.  Then,  the  resistance  heater,  linked  to  a 
control  unit  consisting  of  a  proportional  integral  derivative  (PID)  controller  and 
a  silicon  controlled  rectifier  (SCR)  power  supply,  input  an  appropriate  amount  of 
heat  flux  to  air  flow.  Therefore,  the  chamber  gas-phase  temperature  was  increased 
to  the  preset  value  and  remained  stable  at  that  point.  On  the  other  hand,  the 
cryogenic  heat  exchanger  was  disengaged  for  test  firings  with  high  initial  propellant 
temperature  (e.g.  60°C).  The  air  flow  temperature  in  the  chamber  was  heated  to 
the  prespecified  level  by  using  the  heating  system  mentioned  above. 

In  order  to  measure  the  thermal- wave  structures  of  boron/(BAMO/NMMO]  copoly¬ 
mer  fuel-rich  solid  propellants  in  both  subsurface  and  surface  regions,  a  fine-wire 
thermocouple  (Platinum  /  Platinum-13%  Rhodium)  with  a  wire  diameter  of  50  fim 
was  en'*‘'1oyed  in  this  investigation.  In  addition,  the  combustion  residues  after 
each  h.u.g  test  were  collected  and  examined  using  a  scanning  electron  microscope 
(SEM).  A  detailed  discussion  of  the  overall  system  setup  is  given  in  Refs.5  and  6. 
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3.  DISCUSSION  OF  RESULTS 

In  this  work,  two  types  of  fuel-rich  propellant  samples  were  used  to  examine  the 
effects  of  boron  content  and  initial  temperature  of  fuel-rich  solid  propellants  on 
burning-rate  characteristics.  One  was  a  pure  [BAMO/NMMO]  copolymer  binder 
with  70/30  mole  ratio,  and  the  other  was  the  same  copolymer  containing  0.5  /tm 
boron  powders  at  10%  mass  fraction.  The  initial  temperature  and  pressure  of  the 
test  firing  ranged  from  —10  to  60°C  and  240.5  to  1030.6  KPa  (35  to  150  psia), 
respectively.  Results  obtained  from  the  tests  are  presented  below. 

3.1.  Burning  Rate  Measurements 

The  measured  burning  rates  in  air  under  different  initial  propellant  temperatures 
were  shown  in  Figs.  2  and  3  for  10%  boron/[BAMO/NMMO]  and  pure  [BAMO/ 
NMMOj  copolymer  samples,  respectively.  Each  data  point  represents  the  average 
value  of  4  to  12  measured  burning  rates  with  error  bars  specified  by  ±2<r .  Here,  a 
is  the  standard  deviation  defined  by  the  following  equation. 


Where  N  is  total  number  of  measured  data  at  a  given  experimental  condition;  rj,  is 
average  burning  rate  of  N  measurements;  and  r^jt  is  kth  measured  burning  rate. 

The  change  in  chamber  pressure  and  initial  propellant  temperature  shows  a  sig¬ 
nificant  effect  on  burning  rate.  Basically,  the  burning  rate  increases  as  the  pres¬ 
sure  and/or  initial  temperature  increase  for  both  types  of  test  samples,  and  the 
relationship  between  burning  rate  and  pressure  under  different  initial  propellant 
temperatures  can  be  expressed  in  terms  of  Saint-Robert’s  burning  rai.e  law  (i.e. 
rb  =  aPn ).  The  constants  a  and  n  are  given  in  Table  1.  As  the  initial  propellant 
temperature  of  10%  boron/(BAMO/NMMO]  copolymer  was  decreased  to  — 10°C, 
unstable  combustion  phenomena  occurred  and  the  burning  rate  decreased  rapidly 
in  the  low-pressure  condition  [P  <  343.5  KPa  (50  psia)].  This  implied  that  the 
initial  propellant  temperature  had  a  stronger  effect  on  the  burning  rate  at  low  pres¬ 
sures,  which  resulted  in  a  large  difference  in  the  values  of  exponent  n  for  Ii  =  60 
and  — 10°C.  The  data  shown  in  Fig.  2  revealed  a  mode  that  the  burning-rate  data 


BURNING  RATE  (mm/s)  ^  *3  BURNING  RATE  (mm/s) 
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points  follow  the  Saint- Robert’s  law  closely  at  high  initial  propellant  temperatures. 
However,  some  discrepancy  was  observed  at  low  initial  propellant  temperature  of 
— 10°C.  This  is  believed  to  be  caused  by  the  unstable  combustion  phenomena  at 
low  pressures. 


TABLE  1.  Saint-Robert’s  Burning  Rate  Law’  for  10%  Boron  and  Pure/  [BAMO/ 
NMMO]  Copolymer  Fuel-Rich  Solid  Propellant 


Initial  propellant 
Temperature,  °C 

a 

10%B 

Pure 

10%B 

n 

Pure 

60 

3.107  x  10"3 

1.417  x  10“2 

0.9035 

0.5604 

20 

2.284  x  10"3 

8.398  x  10~3 

0.9309 

0.6222 

-10 

1.3583  x  10"s 

5.5808  x  10“6 

1.6660 

1.5949 

*  n  =  aPn.  units:  (ri]=mm/s,  and  [Pj=KPa. 


To  further  study  the  boron  mass  fraction  effect,  the  burning  rates  of  pure  (BAMO/ 
NMMO]  in  air  were  also  measured  at  various  initial  temperatures.  As  shown  in  Fig. 
3,  the  burning  rates  of  pure  [BAMO/NMMO]  copolymer  were  significantly  lower 
than  those  of  10%  boron/[BAMO/NMMO]  samples.  At  the  low  initial  temperature 
of  —  10°C,  it  was  found  that  the  test  samples  of  pure  [BAMO/NMMO]  copolymer 
extinguished  under  lcw-chamber  pressure  conditions  [P  <  343.5  KPa  (50  psia)]. 
This  signified  that  the  low-pressure  deflagration  limit  (PDL)  of  the  sample,  below 
which  no  sustained  stable  combustion  can  be  achieved,  should  lie  between  343.5 
and  687.1  KPa  (50  and  100  psia). 


3.2.  Temperature  Sensitivity 

The  temperature  sensitivity  of  solid-propellants  is  denned  as 


_  .dlnTi. 


(2) 


Where  crP  is  the  temperature  sensitivity  of  burning  rate  and  T;  is  the  initial  temper¬ 
ature.  At  a  given  pressure,  the  burning  rates  at  three  initial  temperatures  (-10, 
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20,  and  60°C)  were  computed  from  the  Saint-Robert’s  law.  A  second-order  poly¬ 
nomial,  as  shown  in  Eq.(3),  was  adopted  to  fit  these  three  calculated  burning  rate 
data. 


n  =  b2(p)T?  +  h(p)T,  +  b„(p)  (3) 

The  temperature  sensitivity  can  be  calculated  by  differentiating  Eq.(3)  with  respect 
to  Ti  according  to  Eq.(2).  Using  the  above  data  reduction  method  with  the  de¬ 
duced  Saint-Robert’s  law  constants,  i.e.,  a  and  n  shown  in  Table  1,  the  temperature 
sensitivity  for  10%  and  pure  [BAMG/NMMO]  copolymer  fuel-rich  solid  propellants 
were  deduced  and  presented  in  Figs.  4  and  5,  respectively.  The  observation  of 
these  temperature  sensitivity  results  indicates  the  following  trends: 

1)  The  (Tp  decreases  as  pressure  increases  for  a  given  initial  temperature.  This 
tendency  becomes  more  obvious  at  low  initial  temperatures,  e.g.,  Ti  —  —  10°C. 

2)  At  a  fixed  chamber  pressure,  the  crp  decreases  as  initial  temperature  increases. 

3)  The  srp  of  10%  boron/[BAMO/NMMO]  is  generally  lower  than  that  of  pure 
[BAMO/NMMOj  copolymer.  This  suggests  that  the  boron  particles  added  in 
fBAMO/NMMO]  copolymer  are  helpful  in  reducing  the  temperature  sensitivity 
of  fuel-rich  propellants. 

4)  The  operating  conditions  of  high  chamber  pressure  and/or  high  initial  temper¬ 
ature  show  favorable  effects  on  reducing  the  temperature  sensitivity. 

Several  theoretical  works  have  been  conducted  to  investigate  the  fundamental  mech¬ 
anisms  affecting  temperature  sensitivity.7”'9  According  to  the  statement  of  Kubota 
and  Ishihara  ’ ,  the  temperature  sensitivity  can  be  split  into  two  parts:  the  first  part 
is  associated  with  the  initial  temperature  effect  on  the  flame  structure  of  the  gas 
phase  and  the  second  part  is  associated  with  the  initial  temperature  effect  on  the 
subsurface  temperature  profile  of  the  condensed  phase  and  the  surface  heat  release 
rate.  These  two  parts  can  be  evaluated  if  the  detailed  gas  and  condensed  phase 
reactions  are  known.  For  simplicity,  an  analysis  conducted  by  Click8  and  Cohen 
and  Flanigan9  is  adopted  to  probe  the  physical  insight  of  the  above  temperature 
sensitivity  results. 

For  the  steady-state  burning  condition  with  constant  thermal  properties,  the  energy 
balance  equation  at  the  burning  surface  is 

PrCrn{T.  -  T)  =  +  ppnQ. 


W 


trp  (1/K) 
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FIGURE  4.  Temperature  Sensitivity  of  Burning  Rate  versus  Pressure  for  10% 
Boron/[BAM0/NMM0]  Copolymer  Fuel- Rich  Solid  Propellant 
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FIGURE  5.  Temperature  Sensitivity  of  Burning  Rate  versus  Pressure  for  Pure 
[BAM0/NMM0]  Copolymer  Fuel-Rich  Solid  Propellant 
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Assuming  TS)  Qs  and  A5(^)p  are  weakly  dependent  on  T,-,  the  relation  between 
the  temperature  sensitivity  and  pressure  can  be  expressed  as  follows.9 


<Tp  = 


(T,  -  T,  -  §*•) 


(5) 


From  the  previous  measurement  results  3’4,  the  burning  surface  temperature  increas¬ 
es  with  pressure.  In  addition,  T;  is  fixed  for  each  particular  test  firing  condition. 
It  then  leads  to  the  result  that  the  temperature  sensitivity  of  the  burning  rate  de¬ 
creases  as  the  pressure  increases.  This  presumption  is  in  good  agreement  with 
the  tendency  shown  in  Figs.  4  and  5.  To  further  incorporate  the  initial  tempera¬ 
ture  effect  and  temperature  dependence  of  thermal  properties  into  the  theoretical 
analysis,  a  comprehensive  formulation  covering  both  condensed  and  gas  phase  re¬ 
actions  must  be  considered.  Therefore,  the  development  of  a  detailed  combustion 
model,  which  can  interpret  the  mechanisms  of  controlling  temperature  sensitivity  of 
boron/[BAMO/NMMO]  copolymer,  is  expected  to  be  useful  for  future  investigation. 


An  attempt  was  also  made  to  study  the  relationship  of  temperature  sensitivity 
with  pressure  and  initial  temperature  for  10%  boron/[BAMO/NMMO]  copolymer 
samples.  The  correlation  determined  from  least-square  nonlinear  regression  analysis 
is  shown  as  follows. 


crp  =  (K0  +  K\Ti  +  K2T?  +  K3T?)P{k*+k'T:)  (6) 


Where 

K0=  3.9088430E+02 
•Ki=— 1.7935820E+01 
tf2=-1.9663031E-01 
AT3=  0.6449711E-02 
A4= -1.4045797 
K5=  0.018839587 

The  units  of  initial  temperature,  pressure,  and  temperature  sensitivity  are  °C,  KPa 
and  1/K,  respectively. 

Results  from  this  correlation  are  given  in  Fig.  6.  In  general,  the  data  correlates 
reasonably  well  according  to  Eq.  (6)  for  broad  ranges  of  initial  temperature  and 
pressure;  however,  some  discrepancy  exists  at  high  pressures  for  T;=— lO^C  curve, 


(1/K) 
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FIGURE  6.  Correlation  of  Temperature  Sensitivity  with  Pressure  and  Initial  Tem¬ 
perature  for  10%  Boron/[BAMO/NMMO]  Copolymer  Fuel- Rich  Solid  Propellant 

and  care  must  be  taken  before  applying  the  above  equation  to  very  low  initial 
temperature  conditions.  Equation  (6)  could  be  useful  for  design  considerations  as 
well  as  theoretical  analysis  of  propellant  burning  rates. 

3.3.  Effect  of  Initial  Temperature  on  Burning  Surface  Temperature  and 
Formation  of  Boron  Nitride 

The  thermal  wave  structures  of  boron/(BAMO/NMMOj  copolymer  samples  were 
measured  to  investigate  the  effect  of  initial  temperature  on  the  burning  surface  tem¬ 
perature.  The  burning  surface  temperature  T„  indicated  by  a  sudden  temperature 
jump  with  the  steep  slope  at  the  burning  surface,  was  reported  to  be  300°C  for  10% 
boron/[BAMO/NMMO)  copolymer  under  the  condition  of  1030.6  KPa  (150  psia) 
and  20" C  (68  F)  in  Ref.  4.  In  this  study,  the  chamber  pressure  was  maintained  at 
the  same  level  of  1030.6  KPa;  Tt  was  measured  to  be  about  315°C  for  T;  =60"C, 
and  it  dropped  to  290<’C  for  T;  =  —  10°C.  This  clearly  shows  the  trend  that  the 
burning  surface  temperature  increases  with  the  initial  propellant  temperature. 
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The  importance  of  the  formation  of  BN  has  been  pointed  out  by  Hsieh  et  al.4. 
During  the  tests,  no  residue  was  found  for  pure  (BAMO/NMMOJ  copolymer.  The 
combustion  residues  of  10%  boron/(BAMO/NMMO]  copolymer  samples  in  air  un¬ 
der  eight  different  firing  conditions  ( P  =  240.5,  343.5,  687.1,  1030.6  KPa  and 
T{  =  —  10,  60  °C)  were  collected  for  SEM  examination.  Figure  7  presents  the  200 
x  magnification  photomicrographs  of  the  combustion  residues  for  various  pressures 
and  initial  temperatures.  The  SEM  observations  show  the  major  boron  compound 
in  the  recovered  samples  is  HzBOz  crystal.  The  grain  size  of  HzBOz  crystal  at  low 
initial-temperature  condition  is  smaller  than  that  at  high  initial-temperature  condi¬ 
tion.  It  appears  that  the  pressure  has  no  pronounced  effect  on  the  microstructures 
of  these  residues.  For  initial  temperature  range  tested,  no  BN  hexagonal  crystalline 
structure  was  found  in  the  aforementioned  eight  test  conditions. 


4.  CONCLUSIONS 

The  burning-rate  characteristics  of  boron/[BAMO/NMMO]  fuel-rich  solid  propel¬ 
lants  have  been  investigated  under  different  pressures  and  initial  propellant  temper¬ 
atures.  The  burning  rate  increases  with  both  the  initial  temperature  and  pressure. 
The  temperature  sensitivity  was  deduced  from  the  measured  burning  rate  result- 
s.  The  favorable  operating  conditions  of  reducing  the  temperature  sensitivity  of 
burning  rate  have  been  determined  to  be  high  pressure  and/or  high  initial  tempera¬ 
ture.  The  addition  of  the  boron  element  in  [BAMO/NMMOj  copolymer  also  shows 
positive  effects  on  reducing  temperature  sensitivity.  The  measurement  results  of 
thermal  wave  structure  indicate  the  burning  surface  temperature  increases  as  the 
initial  propellant  temperature  increases.  For  the  range  of  initial  temperature  and 
pressure  vested,  no  formation  of  BN  was  observed  in  this  study. 
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FIGURE  7  (a).  SEM  Pictures  Showing  the  Crystal  Structure  of  H$BQ$  in  the 
Combustion  Residue  of  10%  Boron/{BAMO/NMMOj  Copolymer  Samples  Burned 
in  Air  for  P  =  343.5  KPa  (  50  psia),  I;  =  -ICC,  and  200  x  Magnification 


FIGURE  7  (b).  P  «  343.5  KFa  (  50  p*i?),  T<  =  60°C,  200  x  Magnification 


FIGURE  7  (c).  P  =  687.1  KPa  (100  psia),  T{  =  60°C,  200  x  Magnification 
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Two  mecal-bassd  solid  fuels  (magn«ium-b»s«l  and  boron-baftd)  have  been  studied  to  determine  their  coro’jjs- 
rion  behavior  and  thetmophysical  properties.  The  burning  rate  for  the  magnesium-based  (Mg/PTf£/viton  A)  solid 
fuel  was  found  tn  increase  monotonically  with  ambient  pressniu  ano  to  follow  the  Saint  Robert's  law  in  both  air 
and  nitrogen  environments.  The  fuel,  however,  burned  10%  .'.lower  in  air  than  in  nitrogen.  The  slower  burning  rate 
in  air  is  postulated  to  Jesuit  from  the  entrained  oxygen  which  competes  with  fluorine  to  reat.t  with  magnesium. 
Because  of  the  lower  heat  of  formation  of  M,0  u  \tcF,,  the  near-surface  heat  release  is  reduced  when  the  oxygen 
is  present,  thus  reducing  the  burning  rate.  This  reasoning  is  also  supported  by  results  obtained  from  the  companion 
pressure  deflagration  limit  (PDL)  and  ignition  tests,  which  show  that  the  combustion  of  the  magnes'um-based  fuel 
has  a  higher  PDL  and  a  longer  ignition  delay  time  in  air  than  in  nitrogen.  Results  from  the  study  of  ignition  and 
combustion  characteristics  of  boron-based  solid  fuels  show  that  boron  can  significantly  reduce  the  ignition  delay 
times  of  poly(BAMO/NM.MO).  In  determining  the  thermophysical  properties  of  fuel  samples,  a  subsurface 
temperature-measurement  method  was  developed  to  quantify  the  temperature  dependence  of  the  thermal  diffusivities 
of  fuel  samples.  Results  show  good  agreement  with  those  obtained  with  the  laser-flash  method. 


Nomenclature 

PDL  ~  pressure  deflagration  limit.  kPa 

r„  »  burning  rate.  m:n/s 

p  -  pressure.  kPa 

K  ~  thermal  conductivity,  W/K-cm 

p„  -  density,  g/cm3 

C,  =  specific  heat,  J/g-K 

qlub  =  net  heat  release  from  subsurface.  W/g 

a  =  thermal  diffusivity  c nr/s 

L  =  sample  thickness,  cm 

tr  -  characteristic  rise  time,  s 

t  =  laser  pulse  time,  s 

i  =  time,  s 

r,,:  =  time  to  reach  one-half  of  maximum  value,  s 


Introduction 

N  the  search  for  new  and  improved  propulsion  technology, 
the  solid-fueled  ramjet  engine  has  become  an  attractive 
candidate  because  of  its  simplicity  and  high  performance 
Among  the  various  solid  fuels  that  are  under  consideration 
for  ramjet  use,  the  boron-based  and  magnesium-based  fuels 
are  the  most  promising  because  of  the  high  volumetric  heating 
value  of  boron  and  the  high  combustion  efficiency  of  magne¬ 
sium.  However,  the  poor  ignition  behavior  of  boron  particles 
usually  leads  to  lower  combustion  efficiency,  making  them 
impractical  for  use  in  an  actual  system.  On  the  other  hand. 
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magnesium  particles  possess  superior  ignition  behavior  but 
offer  considerably  lower  heat  of  reaction.  Thus,  methods  of 
enhancing  the  combustion  efficiency  of  boron  and  retaining 
the  ignition  characteristics  of  magnesium  are  essential  in  order 
to  render  these  fuels  feasible  for  propulsion  applications. 

Two  types  of  solid  fuels  were  considered.  The  first  con¬ 
tained  magnesium  with  polytetrafluoroethylene  (PTFE)  and 
vinylidene  fluoride  w/perfiuoropropylene  (Vitor.  A).  The  sec¬ 
ond  contained  boron  with  a  highly  energetic  binder.  3.3-bis 
(azidomethyl)  oxetane/3-nitratcmethyl  3-ine;hyloxetane  {poiy- 
(BAMO/NMMO)).  To  date,  efforts  to  examine  the  funda¬ 
mental  ignition  and  combustion  behavior  of  these  fuels  have 
been  few.  Peretz1  studied  various  thermochemical  properties 
of  several  metal/fiuorocarbon  fuels  for  ramjet  applications. 
Results  indicate  that  net  only  is  magnesium  a  desirable  metal 
additive  for  fluorocarbon  solid  fueis.  but  boron  can  also  be 
burned  effectively  with  fluorocarbons.  Kubota  and  Senzawa* 
performed  detailed  experimental  work  cn  the  combustion  of 
magnestum-based  solid  fuels  containing  magnesium.  PTFE, 
and  a  small  amount  of  Viton  A.  They  observed  that  the 
burning  rate  of  this  type  of  solid  fuel  increases  with  increased 
magnesium  content  but  decreases  with  increased  particle  size. 
The  significance  of  the  exothermic  reactions  immediately 
above  the  burning  surface  on  the  combustion  process  was  also 
addressed. 

Manser  et  a!.3  recently  developed  a  number  of  highly 
energetic  binders.  In  view  of  the  large  positive  value  of  the 
heat  of  formation  associated  with  poiy(  BAMO/NMMO). 
they  claimed  that  a  theoretical  increase  of  the  specific  impulse 
by  5  s  is  possible  when  this  polymer  is  used  as  a  binder  in  a 
mimmum-smoke  propellant  system.  The  total  energy  released 
from  the  fuel  was  found  to  increase  significantly  with  the 
addition  of  percentages  of  boron  to  poly(  BAMO/NMMO) 

The  major  purpose  of  this  paper  is  to  study  the  fundamen¬ 
tal  ignition  and  combustion  characteristics  of  Mg,  PTFE, 
Viton  A  and  boron/poly(  BAMO/NMMO)  solid  fuels  and  to 
develop  a  convenient  method  for  measuring  the  thermophysi- 
ca!  properties  of  these  two  types  of  solid  fuels.  The  specific 
objectives  are 

1)  to  determine  the  burning  rales  of  both  fuels  as  functions 
of  pressure  and  ambient  gas; 

2)  to  characterize  the  ignition  and  combustion  behavior  by 
performing  CO:  laser  igniiton/combustion  tests,  x-ray  diffrac- 
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uon  analysis,  low-pressure  deflagration  limit  (PDL)  tests,  and 
microscopic  examinations;  and 

3)  to  deduce  the  thermophysical  properties  from  the  mea¬ 
sured  subsurface  temperature  profiles  (STP). 

Experimental  Approach 

A  windowed  strand  burner  and  a  CO-  laser  facility  were 
used  to  study  the  ignition  and  combustion  behavior  of  these 
two  types  of  solid  fuels  and  to  characterize  their  thermophys¬ 
ical  properties  under  well-controlled  conditions.  A  brief  de¬ 
scription  of  the  test  facilities  is  given  below,  followed  by  a 
discussion  of  results  obtained  for  each  of  the  metal-based 
solid  fuels. 

Strand  Burner 

Figure  1  shows  a  schematic  diagram  of  the  windowed 
strand  burner.  A  fuel  sample  ( 5  mm  in  diameter  and  77  mm  in 
length)  was  mounted  vertically  in  the  chamber,  ignition  of  the 
sample  was  achieved  by  passing  an  electrical  current  into  a 
mchrome  wire  which  pierced  through  the  test  sample  about 
3  mm  from  the  top  surface.  A  scale  was  optically  superim¬ 
posed  on  the  image  of  the  solid-fuel  sample,  using  a 
75  x  75  mm  semurartsparent  mirror.  To  visualize  the  burning 
process,  a  video-recording  system  was  employed  to  pho¬ 
tograph  the  motion  of  the  burning  surface  inside  the  strand 
burner  and  the  optically  superimposed  scale.  With  this  tech¬ 
nique,  the  burning  rate  could  be  determined  precisely  from 
the  length  of  the  sample  burned  in  a  certain  time  duration.  In 
addition  to  the  visualization  study,  an  imbedded  fine-wire 
thermocouple  (platmum/platinum-13%  rhodium)  with  a 
diameter  of  50  ;im  was  used  to  measure  the  temperature 
profiles  in  both  the  subsurface  and  surface  regions.  A  more 
detailed  discussion  of  the  overall  strand  burner  system  is 
given  in  Ref.  4. 

The  strand  burner  was  used  to  study  both  the  steady-state 
burning  behavior  and  the  PDL.  During  each  steady  firing,  the 
chamber  pressure  was  maintained  at  a  prescribed  level  by 
means  of  a  computer-controlled  gas  supply  system.  For  the 
PDL  tests,  the  chamber  was  depressurized  at  a  rate  of 
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!.l  kPa/s.  The  extinguishment  point  could  then  be  identified 
from  the  measured  pressure-time  trace.  After  each  test  firing, 
the  solid  residues  were  collected  for  microscopic  examination 
and  x-ray  diffraction  analysis. 

C02  Laser  lgnition/Combusrion  Facility 

A  high-powered  CO;  laser  (Coherent  Super  48)  capable  of 
generating  800  W  in  continuous  wave  mode  was  used  for  the 
ignition  and  combustion  studies.  Figure  2  shows  a  schematic 
diagram  of  the  facility.  In  order  to  generate  a  relatively 
uniform  beam,  a  thin  piece  of  sheet  metal  with  a  7  mm-diam 
hole  was  used  to  allow  only  the  most  uniform  portion  of  the 
laser  beam  to  reach  the  sample  surface.  The  resulting  spatial 
variation  of  the  beam  intensity  was  ±10%. 5  A  test  chamber 
(25  x  25  x  25  cm)  was  fabricated  using  2.54-cm-thick  plexi¬ 
glass  and  a  1.25-cm-thick  stainless  steel  top  cover.  The  trans¬ 
parent  nature  of  this  chamber  facilitated  visual  access  to  the 
ignition  and  combustion  processes  from  all  directions.  Two 
high-quality  glass  windows  were  mounted  on  opposing  sides 
of  the  chamber  to  allow  for  schlieren  photography  A  KC1 
window  was  installed  in  the  top  of  the  chamber  to  allow  the 
laser  to  pass  into  the  chamber  when  pressures  other  than 
atmospheric  were  needed. 

A  high-speed  video  system  (Sptn-Pnysics  2000)  was  used  to 
record  the  dynamic  behavior  of  the  flame  at  a  framing  rate  of 
2000  pictures/s.  The  system  accommodates  two  cameras  capa¬ 
ble  of  recording  schlieren  images  and  direct  photographs 
simultaneously.  The  schlieren  image  can  detect  dearly  the 
initiation  of  fuel  gasification  and  its  subsequent  processes, 
whereas  the  d:rect  photograph  provides  information  about 
luminous  flame  development  and  burning  charactenstics. 

In  addition  to  its  role  in  the  ignition  and  combustion  study, 
the  CO-  laser  system  was  also  used  to  conduct  laser-flash  tests 
for  measuring  the  thermal  diffusivities  of  the  fuel  samples.  A 
75-pm  K-type  (chromel/alumel)  thermocouple  was  bonded  to 
the  bottom  of  the  fuel  sample  having  a  specified  thickness.  As 
the  laser  flash  irradiated  the  sample  surface,  the  temperature 
detected  by  the  bonded  thermocouple  was  recorded  by  a 
Nicoiei  oscilloscope  and  could  then  be  used  to  calculate  the 
thermal  diffusivity  of  the  fuel. 
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Fig.  1  Schematic  of  experimental  apparatus  used  in  strand-burner  tests. 
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Fig.  2  Schematic  of  experimental  apparatus  used  in  C02  laser  tests. 


Fig.  3  Mg/PTFE/Viton  A  combustion  in  CO-  User  test, 


Combustion  Characteristics  of  Magr...  -  m-Based 
and  Boron-Based  Solid  Fuels 

M  .i  jne-  i  um-  Based  Solid  Fuel 

Ti:c  magnesium-based  solid  fuels  used  in  this  study  con¬ 
sisted  of  50%  fluorocarbons  (PTFE  and  Viton  A)  and  50% 
magnesium  powders  with  a  mean  diameter  of  20  um.  Initial 
tests  were  performed  in  the  CO-  laser  facility,  and  subsequent 
experiments  m  the  strand  burner.  In  both  cases,  not  only  did 
the  luminous  flame  initiate  at  the  surface,  but  it  remained 
attached  to  the  surface  for  the  duration  of  the  combustion 
period.  Figure  3  shows  a  typical  flame  structure  of  the  fuel 
following  ignition.  The  ejection  of  magnesium  panicles  from 
the  burning  surface  can  be  observed  as  indicated  by  the  arrow 
in  the  direct  mage.  This  phenomenon  was  also  noted  in  the 
strand-burning  tests  using  both  air  and  nitrogen.  However, 
the  height  of  the  luminous  flame  wa*  much  greater  for  com¬ 
bustion  tests  performed  in  air  than  for  those  performed  in 
nitrogen.  The  ignition  delay  time  for  the  magnesium-based 
fuel  was  also  determined  for  various  oxygen  percentages.  It 
increased  from  43  ms  to  52  ms  as  the  oxygen  concentration 
increased  from  1.0%  to  21.0%,  respectively.  These  tests  were 


Fig.  4  Burning  rate  u  a  function  of  pressure  for  Mg/PTFE/Viton  A 
in  nitrogen  and  air. 

performed  at  100  kJPa,  with  an  incident  heat  flux  of  400  W / 
cm2  from  the  laser. 

Figure  4  illustrates  the  dependence  of  the  burning  rate  on 
the  chamber  pressure  in  two  different  gaseous  environments. 
The  burning  rate  was  found  to  increase  monotonicaliy  as  the 
pressure  increased,  and  to  follow  the  Saint-Robert’s  law 
closely.  It  is  interesting  to  note  that  despite  the  fuel-rich 
nature  of  the  sample,  the  burning  rate  measured  in  nitrogen 
was  consistently  higher  than  that  in  air  by  approximately 
10%.  This  observation  is  substantiated  by  ihe  PDL  results 
which  show  that  the  lowest  pressures  for  sustaining  stable 
combustion  are  9.8  and  28.1  k?a  for  nitrogen  and  air,  respec¬ 
tively.  The  fuel  has  a  tendency  to  extinguish  faster  in  air  than 
in  nitrogen.  These  results  suggest  that  the  burning  characteris¬ 
tics  of  this  type  of  solid  fuel  depend  upon  the  composition  of 
the  ambient  gas. 

Figure  5  shows  two  temperature  profiles  obtained  from 
50-jim  thermocouples  imbedded  in  the  solid  fuel.  The  tests 
were  performed  at  atmospheric  conditions  in  both  air  and 
nitrogen.  Both  curves  indicate  a  surface  temperature  (charac¬ 
terized  by  the  inflection  point  in  the  temperature  profile)  in 
the  neighborhood  of  850°C,  but  with  different  spatial  distribu¬ 
tions  depending  on  the  gas  environment.  The  temperature 
profile  in  the  vicinity  of  the  surface  is  steeper  when  the  fuel 
was  burned  in  nitrogen,  suggesting  a  higher  heat-transfer  rate 
?t  the  surface. 
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Based  upon  the  above  observations,  it  is  believed  that  the 
oxygen  in  the  air  has  an  adverse  effect  on  the  regression  rate, 
ignition,  and  extinction  characteristics  of  the  solid  fuel  con¬ 
taining  magnesium  and  fluorocarbons.  A  proposed  rationale 
to  explain  this  phenomenon  follows. 

First,  the  surface  regression  is  a  local  phenomena.  The 
regression  rate  is  determined  mainly  by  the  highly  exothermic 
gas-pnase  and  heterogeneous  reactions  occurring  immediately 
above  and  on  the  surface,  and  the  thermal  properties  of  the 
solid  fuel  which  control  the  thermal  wave  propagation.  The 
processes  away  from  the  surface  play  a  less  significant  role 
due  to  their  weak  effect  on  the  local  heat  transfer  to  the 
surface  region. 

Second,  the  magnestuin-based  solid  fuel  contained  50% 
magnesium,  which  is  17%  greater  than  the  stoichiometric 
ratio.  Because  ot  th-s.  most  of  the  magnesium  powder  did  not 
bum  completely  ir.  me  near-surface  region.  Instead,  the  pow¬ 
der  was  ejected  from  the  surface  as  a  result  of  the  expansion 
processes  of  gaseous  products  generated  by  the  pyrolysis  and 
the  solid-phase  reaction  of  the  fluorocarbons  surrounding 
them. 

Third,  the  gaseous  products  originating  from  the  surface 
act  as  a  freejet  and  entrain  the  ambient  gas  into  the  shear 
layer  surrounding  the  sample  boundary.  Thus,  during  tests  in 
air,  oxygen  can  be  entrained  easily,  causing  competitive  oxi¬ 
dation  and  fluonnation  reactions  with  magnesium.  Because 
the  heat  of  oxidation  for  magnesium  is  approximately  one- 
naif  of  the  heat  of  fluonnation  for  magnesium,  the  total  heat 
generated  in  the  near-surface  region  is  reduced  when  oxygen 
is  present.  This  reduced  heat  release  reduces  the  heat-transfer 
rate  to  the  condensed  phase  and  consequently  decreases  the 
regression  rate. 

This  argument  is  substantiated  by  the  subsurface  tempera¬ 
ture  profiles  measured  in  air  and  nitrogen  environments  (see 


Fig.  5).  Results  based  upon  the  x-ray  diffraction  analysis  of 
the  combustion  residues  indicate  that  the  major  solid  prod¬ 
ucts  for  the  case  involving  air  were  MgO,  MgF;,  and  carbon. 
However,  for  the  pure  nitrogen  case,  the  major  products  were 
MgF;,  Mg,  and  carbon.  Thus,  the  reaction  of  magnesium 
particles  with  oxygen  in  the  gas  phase  is  significant.  Further 
investigation  is  needed  to  quantify  the  extent  to  which  the 
oxido.ion  reaction  takes  place  in  the  near-surface  region. 

Bated  upon  the  above  observations  and  the  measured 
subsurface  temperature  profiles,  the  important  physicochemi¬ 
cal  p-ocesses  involved  in  the  combustion  of  magnesium/ 
fluorocarbon  fuel  in  the  presence  of  an  can  be  characterized 
Qualitatively.  Figure  6  summarizes  the  entire  process  by  iden¬ 
tifying  five  distinct  regions  in  both  the  gas  and  condensed 
phases  A  thermocouple  trace  obtained  from  a  test  in  air  at 
100  kPt  is  also  included  tc  show  the  approximate  thermal 
wave  piofile.  These  five  zones  can  be  summarized  as  follows. 

In  zone  1.  the  temperature  is  below  the  exothermic  decom¬ 
position  temperature  of  Viton  A  (316=C)  and  only  inert 
heating  takes  place.  Zone  2  covers  a  temperature  range  from 
316-  530:C.  corresponding  to  the  decomposition  temperatures 
of  Viton  A  and  PTFE.  respectively.  The  thickness  is  about 
1 70  jim  at  1  atm.  Exothermic  decomposition  of  Viton  A 
initiates  in  this  zone  and  reaches  its  maximum  rate  at  47i=C6 
The  major  products  from  the  pyrolysis  of  Viton  A  include 
HF.  C;F;.  C-F4,  CHF-,  and  other  fluorocarbons  and  hydro¬ 
fluorocarbons.6  Chemical  reactions  between  magnesium  pow¬ 
ders  and  the  pyrolysis  products  of  Viton  A  may  also  occur 
Onset  of  the  melting  process  of  PTFE  (330CC)  occurs  approx¬ 
imately  200jim  beneath  the  burning  surface  However,  as  a 
result  of  the  highly  viscous  nature  of  the  moitcn  PTFE,  only 
restricted  motions  of  magnesium  particles  are  possible  in  this 
region. 

Zone  3  is  characterized  by  a  rapid  tempcratute  increase 
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Fig.  6  Schematic  showing  temperature  profile  of  subsurface  region  in  a  Mg/PTFE/Vilon  A  sample. 
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Fig.  7  Burning  rale  as  a  function  of  pressure  for  poiyiBAMO/ 
NMMO)  with  17.6*76  boron. 
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Fig.  8  Subsurface  temperature  prcfiie  of  boron/pol?(BA.WC/ 
NMMO'-  in  air  at  343  kPa. 


within  a  thin  layer  of  approximately  50  /im.  The  temperature 
ranges  from  530°C  to  the  surface  temperature  of  8505C.  At 
530°C,  P7FE  begins  to  decompose  exothermically  to  liberate 
CF*.  C;f6,  C*F4,  CjF4,  C4Fs,  other  fluorocarbons,  and 
possibly  fluorine  itself.4  As  the  temperature  further  increases 
to  650°C,  magnesium  powders  begin  to  melt.  Reactions  that 
may  take  place  in  this  region  are  believed  to  be  those  of  flue* 
rine  and  fluorinated  compounds  with  either  liquid  or  gaseous 
magnesium  (because  the  vapor  pressure  of  magnesium  at 
850°C  is  about  50  mm  Hg).  These  highly  exothermic  reactions 
may  further  enhance  the  gasification  of  PTFE,  causing  an 
imbalance  of  local  forces.  This  process  results  in  violent  expul¬ 
sion  of  magnesium  particles  from  the  surface. 

Zone  4  is  characterized  by  the  high-temperature  gradient  in 
the  vicinity  of  the  burning  surface.  It  is  depicted  by  a  bright 
flame  associated  with  the  exothermic  gas-ph3se  and  heteroge¬ 
neous  reactions.  As  stated  above,  for  combustion  in  air, 
oxygen  may  be  entrained  by  the  jet  and  react  with  moiten 
magnesium  powders  near  the  outer  region  of  the  surface. 

Zone  5  is  rather  far  from  the  surface.  For  combustion  in 
air,  the  major  chemical  process  includes  the  reaction  of  mag¬ 
nesium  vapor  and  0*.  As  a  result  of  its  distance  from  the 
surface  and  its  low  flame  temperature  (  -  160GJC),'  the  effects 
of  this  region  on  surface-regression  processes  arc  insignificant. 

Boron/Polv(  BAMO/NMMO)  Solid  Fuel 

In  this  work,  the  boron-based  solid  fuel  sample  contained  a 
highly  energetic  copolymer,  BAMO/NMMO,  and  17.6% 
boron  powder  with  a  mean  diameter  of  0.5  pm.  From  the 
recorded  video  images,  it  was  observed  that  the  flame  struc¬ 
ture  of  the  sample  was  affected  by  the  testing  pressure.  At 
atmospheric  conditions,  oniy  a  faint  gaseous  flame  appeared 


Fig.  9  Ignition  sequence  of  pure  poly(  BAMO/NMMO)  in  sir  with  a 
heat  flux  of  190  W/cnr  using  CO*  laser.  Time  from  initial  laser  heating 
is  4.5,  5.5,  65,  88.0,  128.0,  and  1655  ms. 


above  the  surface.  As  the  ambient  pressure  was  increased  to 
1034  kPa.  a  much  brighter  flame  was  observed,  with  many 
burning  boron  particles  ejected  from  the  surface. 

Figure  7  shows  the  strand-burning  rate  in  air  as  a  function 
of  pressure.  It  followed  the  Saint- Robert's  law  with  the  burn¬ 
ing  rate  given  by  rh  -  0.136  p04J7.  Figure  8  presents  a  mea¬ 
sured  temperature  profile  obtained,  using  a  50  pm  R-type 
thermocouple  embedded  ir.  a  boron;po!y(EAMO/NMMO) 
sample,  with  an  ambient  pressure  of  343  kPa.  The  burning- 
surface  temperature,  indicated  by  a  sudden  temperature  jump 
at  the  burning  surface,  was  about  250^0,  which  was  relatively 
low  when  compared  to  magnesium-based  solid  fuels.  The 
burning-surface  temperature  increased  monotonicaily  with 
testing  pressure,  ranging  from  2205C  at  100  kPa  to  310SC  at 
1030  kPa.  The  temperature-time  trace  presented  in  Fig.  8 
shows  several  ripples  between  100:C  and  250SC;  these  are 
believed  to  be  caused  by  the  subsurface  reaction  of  the 
binder.5'1'*  In  this  particular  test,  the  maximum  measured 
gas-phase  temperature  was  about  i400cC.  However,  in  some 
tests,  the  measured  temperature-time  traces  showed  maximum 
temperatures  higher  than  171 5’C. 

To  further  enhance  understanding  of  the  ignition  and  com¬ 
bustion  behavior,  the  boron-based  fuel  samples  were  also 
tested  in  the  CO:  laser  facility.  Figure  9  shows  an  ignition 
sequence  of  the  pure  po!y(  BAMO/NMMO)  under  CO*  laser 
heating.  The  left  image  is  a  direct  picture,  and  the  right  image 
is  a  schlieren  picture.  The  magnification  of  the  direct  image  is 
twice  that  of  the  schlieren,  and  the  sample  is  a  5  mm  cube. 

Pyrolysis  of  the  solid  fuel  was  first  noted  after  4.0  ms  in  the 
schlieren  picture.  The  gases  formed  a  jet  with  a  mean  velocity 
of  about  10  m<s.  Within  a  distance  of  8  ram  from  the  surface, 
the  jet  appeared  to  be  laminar  in  nature  and  became  turbulent 
farther  away  from  the  surface.  The  gases  gradually  absorbed 
the  incident  laser  energy  and  finally  ignited  after  128  ms.  This 
ignition  process  is  evident  in  the  direct  picture  and  is  an 
indication  of  a  gas-phase  ignition  process.  Immediately  fol¬ 
lowing  ignition,  the  flame  propagated  down  toward  the  sur¬ 
face  to  further  enhance  the  condensed  phase  reactions.  The 
copolymer  extinguished  following  laser  cutoff  at  200  ms. 

Figure  10  shows  the  ignition  process  of  poly(BAMO/ 
NMMO)  containing  17.6%  boron.  Gasification  was  noted  at 
4.5  ms  after  onset  of  the  CO*  laser  beam.  The  pyrolyzed 
gaseous  jet  was  less  turbulent  than  that  evolved  from  the  pure 
poly(BAMO,NMMO)  sample.  Changes  in  the  jet  characteris¬ 
tics  arc  believed  to  be  dependent  upon  the  boron  content  in 
the  sample  which  acts  to  dampen  the  turbulent  mixing  pro¬ 
cess.11  Because  the  boron  is  initially  ejected  before  burning, 
the  solid  boron  particles  in  the  gas  phase  absorb  the  incident 
laser  energy,  thus  raising  the  temperature  m  the  gas  phase  to 
initiate  chemical  reaction  and  lead  to  ignition.  The  increase  of 
absorption  due  to  the  presence  of  boron  m  the  gas  phase  has 
been  verified  by  laser-attenuation  tests  with  various  gases  and 
solid-fuel  samples.’  As  a  result,  the  boron  addition  decreases 
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the  ignition  deiay  time  to  10  ms.  compared  to  128  ms  for  the 
pure  poly(  BAMO/NMMO). 

Picture  6  in  Fig.  10  shows  many  boron  particles  burning 
in  the  gas  phase  following  ignition.  After  laser  cutoff,  the 
sample  extinguished  momentarily  and  then  rcignited.  The 
reignition,  which  was  observed  for  the  boron-containing  fuels 
but  not  for  the  pure  copolymer,  is  believed  to  be  the  result  of 
an  increase  in  thermal  diffusivity  caused  by  the  boron  addi¬ 
tion.  which  allows  the  thermal  wave  to  penetrate  further  into 
the  solid  fuel. 

Figure  11  shows  the  ignition  deiay  times  for  pure  poly 
(BAMO/NMMO)  and  samples  containing  17.6  and  30% 
boron  as  a  function  of  heat  flux.  The  pure  poly(  BAMO/ 
NMMO)  fuel  exhibited  random  ignition  characteristics  for  all 
heat  fluxes.  When  boron  was  added,  the  delay  time  became 
shorter  and  reproducible.  The  behavior  of  boron/?oly(BAMO/ 
NMMO)  is  distinctly  different  from  that  of  pure  poiy(  BAMO/ 
NMMO)  due  to  the  effects  of  boron  particles  on  the  fluid 
dynamics  and  radiative  absorption.  In  the  pure  po!y(BAMO/ 
NMMO)  case,  the  high  turbulence  level  in  the  zas  phase  caused 
the  pyrolyzed  gases  to  be  heated  more  uniformly,  thus,  no  local 
high-temperature  region  could  be  established  easily  in  the  gas 
phase. 

On  the  other  hand,  when  boron  is  added,  the  gas  phase 
becomes  less  turbulent  due  to  the  damping  effect  of  submicron 
boron  panicles  present  in  the  pyrolyzed  gases.  This  introduces 
a  smaller  heat-transfer  rate  within  the  pyrolyzed  gases  and 
causes  a  local  high-temperature  region  to  be  established  more 
readily.  In  addition,  the  radiative  absorption  by  the  pyrolyzed 
gases  mixed  with  boron  particles  is  significantly  increased.  The 
ignition  delay  time  of  boron/pclyf  BAMO/NMMO)  is.  there¬ 
fore.  much  shorter  than  that  of  pure  poly( BAMO/NMMO). 

Thermophysical  Property  Characterization 

Both  subsurface  temperature  profile  |STP)  and  laser-flash 
methods  were  used  to  evaluate  the  thermal  diffusivitks  and 
conductivities  of  the  fuel  samples.  Other  properties,  such  as 
densities  and  specific  heats,  were  obtained  from  the  epen 
literature.  A  brief  description  of  these  two  measurement  tech¬ 
niques  is  given  below,  followed  by  a  discussion  of  results. 

Subsurface  Temperature  Profile  (STP)  Method 

In  order  to  obtain  a  temperature  profile  of  the  subsurface 
region  during  combustion,  an  R-type  fine-wire  thermocouple 
with  a  diameter  of  50  |im  was  embedded  in  a  vertically 
mounted  solid  fuel  sample.  The  sample  was  then  ignited  using 
a  nichromc  wire  and  burned  down  into  the  imbedded  thermo¬ 
couple.  In  this  manner,  both  the  subsurface  and  gas-pnase 
temperature  profiles  were  obtained.  The  subsurface  tempera¬ 
ture  profile  could  be  used  to  deduce  the  thermal  diffusivity 
and  conductivity  as  functions  of  temperature. 

The  STP  method  is  based  upon  a  one-dimensional  heat- 
conduction  equation.  In  order  to  simplify  the  analysis,  a 
moving  coordinate  system  was  used  with  its  origin  located  a: 


Fig.  10  Ignition  sequence  of  pelyf  BAMO/NMMO)  with  17.6*4  boron 
In  air  with  a  heat  flux  of  490  W/cm1  using  COj  laser.  Time  from  initial 
laser  heating  is  5.0.  6.0,  10.0,  17.S,  42.0.  and  540.5  nw- 
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the  instantaneous  burning  surface  Using  this  coordinate  sys¬ 
tem,  the  heat-conduction  equation  becomes'"15 


d  d7  d  {P'rnCJ) 
dx  dx  dx 


(I) 


where  qrjb  is  the  net  heat  release  in  the  subsurface  region  of 
the  fuei  sample.  This  term  vanishes  if  there  is  no  chemical 
reaction  within  this  region  (i.e.,  the  inert  heating  region). 

Integration  of  Eq.  (1)  gives 

=r  dfpp^c°r)  dx 

dx  jx  dx  _»  J„.  dx 

CTM 

PPrpCpdT  (2) 

J  T(  -  »> 

The  density  and  specific  heat  are  evaluated  using  a  mass-aver¬ 
aged  value  of  the  ingredients  in  the  soiid  fuel  sample.  Rear¬ 
ranging  Eq.  (2)  and  assuming  that  the  heat  flux  is  zero  at 
x  =  —  x.  the  thermal  conductivity  as  a  function  of  tempera¬ 
ture  becomes 


f*«»  ;dr 

K(T)  =  P»rbCpdT;T  (3) 

Jn- x)  /  * 

where  the  local  temperature  gradient  d77dx  can  be  calculated 
from  the  measured  subsurface  temperature  profile.  By  defini¬ 
tion,  the  thermal  diffusivity  can  be  deduced  from  the  relation 

i(T)  =  K;(ppCp)  (4) 

Because  the  STP  method  was  used  to  deduce  the  thermal 
conductivity  and  diffusivity  of  the  testing  sample  in  the  inert 
region,  the  thermocouple  bead  did  not  experience  rapid  tem¬ 
perature  variations  and  thus  was  able  to  measure  the  temper¬ 
ature  profile  very  accurately.  The  characteristic  time  of  the 
thermocouple  used  in  this  study  was  about  10  ms. 14  which  is 
much  smaller  than  heat-conduction  time  within  the  inert 
region.  Measurement  errors  caused  by  velocity  and  radiation 
effects15  are  r.ot  present  since  the  thermocouple  is  embedded 
in  a  soiid,  opaque  fuel  sample.  Because  of  the  small  diameter 
of  the  thermocouple  wire,  heat  losses  caused  by  conduction 
from  the  thermocouple  bead  are  also  negligible.13  The  largest 
error  introduced  into  the  STP  method  ( z  10SC)  comes  from 
the  data  acquisition  and  reduction  procedures. 

Laser-Flash  Method 

The  laser-flash  method’*  was  also  used  u  determine  the 
thermal  diffusivity  of  the  solid  fuel  samples.  In  this  method,  a 
short  laser  pulse  was  given  to  the  top  surface  of  the  sample.  A 
thermocouple  was  mounted  to  the  bottom  surface  of  the 
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Fig.  12  Temperature-time  trace  from  laser-flash  test. 
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Fig.  14  Thermal  diflusivity  of  PTFE  between  — 140  and  lSJPC.13 
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Fig.  13  Thennophysicai  properties  of  Mg/FTFE/Vitoo  A  *3  functions 
of  temperature  from  STP  method. 


sample  to  monitor  the  temperature  rise  as  the  energy  from  the 
top  surface  was  conducted  through  the  sample  (thickness  of 
1  mm).  Figure  12  shows  a  typical  temperature-urne  trace  from 
the  thermocouple  on  the  bottom  surface.  The  temperature 
rises  slowly  and  reaches  a  maximum  value  {TL,  max)  after 
800  ms. 

If  we  assume  that  the  solid  fuel  sample  has  a  uniform  initial 
temperature  distribution  and  that  the  energy  from  the  laser 
pulse  is  instantaneously  and  uniformly  absorbed  in  a  thin 
layer  on  the  top  surface,  then  the  temperature  rise  on  the 
bottom  face  can  be  expressed  as17 

I  ( —  1)" e*pf  --p-afjj  (5) 

When  T(L,i)!TLjn^  =  1/2,  the  dimensionless  quantity  jt2zt/L- 
must  have  a  value  of  1.37.  Consequently,  the  thermal  diffusiv- 
ity  becomes 

U7LJ  0.139I2 

a„__ - a - -  (  0) 

ha 

where  r,,,  is  the  time  required  for  the  bottom  face  to  attain 
one-half  of  its  maximum  temperature.  Equation  (6)  is  accu¬ 
rate  within  1%  as  long  as  the  laser-pulse  length  is  short 
enough  to  avoid  any  chemical  reactions  and  the  characteristic 
time  of  the  safnpie  (defined  as  tr  =  is  greater  than  50 

times  the  laser-pulse  duration.'*  The  characteristic  time  and 
the  pulse  duration  thus  determine  the  thickness  of  the  solid 
fuel  sample. 

Heat  losses  by  convection  from  the  top  surface  during  the 
laser-flash  method  was  investigated  by  Mendelsohn. !7  He 
found  that  the  heat  loss  by  convection  depends  strongly  upon 


the  testing  conditions,  sample  properties,  and  the  Biot  num¬ 
ber.  In  order  to  minimize  heat  losses,  the  Biot  number  for  the 
tests  conducted  in  this  study  were  of  the  order  of  0.02. 
ensuring  the  reliability  of  the  data.  In  addition,  the  sample 
was  mounted  on  insulation  material  to  minimize  conductive 
losses  from  the  bottom  surface. 


Thennophysicai  Properties  of  Magnesium-Based 
and  Boron-Based  Solid  Fuels 

Figure  13  shows  the  results  obtained  ‘  y  the  STP  method 
for  the  magnesium-based  solid  fuel.  The  specific  heat,  thermal 
conductivity,  and  thermal  diflusivity  are  plotted  as  functions 
of  temperature.  The  specific  heat  and  density  of  Mg,  PTFE, 
and  Vitcn  A  were  obtained  from  Refs.  2G-22,  respectively.  At 
a  temperature  of  about  40CC.  the  values  for  both  thermal 
conductivity  and  thermal  diflusivity  increase  drastically.  This 
sharp  increase  is  believed  to  be  caused  by  the  rapid  change  in 
thermal  diffusivity  of  PTFE  that  occurs  near  that  temperature 
due  to  the  crystalline  transition  (sec  Fig.  14). 

Tc*  verify  the  measurements  with  the  STP  method,  the 
laser-flash  method  was  used  to  determine  the  thermal  diffusiv- 
ity  of  the  magnesium-based  solid  fuel  at  25°C.  Using  a  sample 
thickness  of  0.153  cm,  a  value  of  1.6  x  10-1  enr/s  was  mea¬ 
sured;  this  agrees  reasonably  well  with  the  value  of 
1.1  x  lO-;:  enr/s  obtained  using  the  STP  method.  The  laser- 
flash  method  was  also  used  to  determine  the  thermal  diflusiv¬ 
ity  of  boron/poly(BAMO/NMMO)  solid  fuel,  and  a  value  of 
1.82  x  10” 7  enr/s  was  obtained  at  255C.  Temperature  profiles 
were  measured  for  the  boron/poly(BAMO/NMMO)  fuel; 
however,  the  thermal  diflusivity  could  not  be  calculated  be¬ 
cause  the  specific  heat  and  density  are  not  known. 

Summary  and  Conclusions 

The  combustion  behavior  and  thennophysicai  properties  of 
magnesium -based  and  boron-based  solid  fuels  have  tiren  stud¬ 
ied  using  both  s  windowed  strand  burner  and  a  CO,  laser  test 
facility.  Results  from  strand-bumei  tests  show  that*  the  mag¬ 
nesium-based  fuel  bums  10%  faster  in  nitrogen  than  in  air, 
indicating  that  oxygen  has  an  adverse  effect  on  the  combus¬ 
tion  behavior  of  this  type  of  fuel.  To  verify  the  oxygen  effect 
ignition  delay  times  were  measured  using  different  oxygen 
percentages.  It  was  found  that  the  ignition  delay  time  de¬ 
creased  as  the  oxygen  percentage  decreased.  PDL  tests  show 
that  the  fuel  has  a  low  pressure  limit  of  9.8  kPa  for  stable 
combustion  in  nitrogen,  compared  to  28.1  kPa  in  air.  Subsur¬ 
face  temperature  profiles  of  the  magnesium-based  fuel  also 
indicate  the  adverse  effect  of  oxygen  on  the  combustion 
behavior. 

The  combustion  behavior  of  the  boron-besed  solid  fuel  was 
also  studied  in  the  strand  burner,  and  its  burning  rate  was 
found  to  have  a  slightly  higher  pressure  dependence  than  that 
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for  the  magnesium-based  solid  fuel.  Expressions  for  the  burn¬ 
ing  rate  of  the  magnesium-based  fuel  in  air.  in  nitrogen,  and 
for  the  boron-based  fuel  in  air  were  found  to  be  0.190pO4:, 
0.239  /j0,40,  and  0.136p04J,  respectively.  To  investigate  the 
effect  of  boron  on  the  pure  poly(  BAMO/NMMO)  energetic 
binder,  ignition  delay  times  were  studied.  Results  showed  that 
the  random  ignition  delay  times  for  the  pure  poly(BAMO/ 
NMMO)  became  consistent  when  boron  was  added.  From 
high-speed  pictures  of  the  ignition  process,  it  was  found  that 
the  boron  particles  affect  the  fluid  dynamics  for  the  gaseous 
jet.  The  boron  also  resulted  in  increased  absorptivity  in  the 
gas  phase.  The  combined  result  is  a  significant  decrease  in  the 
ignition  delay  time. 

An  STP  method  was  developed  in  order  to  determine  the 
thermophysical  properties  as  functions  of  temperature  for 
these  fuels,  and  the  results  were  compared  with  those  of  a 
laser-flash  method.  Knowing  the  value  for  the  specific  heat  of 
magnesium-based  solid  fuel  as  a  function  of  temperature,  the 
thermal  conductivity  and  thermal  diffusiviiy  of  the  fuel  were 
calculated  from  a  subsurface  temperature-time  trace.  The 
agreement  of  these  two  methods  demonstrates  the  validity  of 
the  STP  method. 
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